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SUMMARY
In this thesis an attempt has been made to further the knowledge 
of aqueous complexes of tervalent gallium and indium phosphates and 
to examine ion exchange and pH titration methods for their investigation.
A general treatment is presented for the interpretation of results 
of pH titrations in which phosphoric acid is added to a metal salt 
solution. Conditions producing variable results have been considered 
and suggestions are made for the standardisation of such titrations.
Sorption of gallium and indium on a cation exchange resin at 
different pH values has been studied and explanations have been 
presented for the variation, with pH, in the quantity of metal sorbed.
The ageing of solutions of gallium and indium chloride has been 
found to have an important effect on the subsequent reaction when 
phosphoric acid is added to the solution. This has been shown both 
by ion exchange and pH titration methods.
Ion exchange results have indicated the presence of both ar.ionic 
and cationic complex phosphates of gallium and possible structures 
for these complexes have been put forward.
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SECTION ONE
INTRODUCTION
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1.1. Intro duct ory.
During the last ten or twenty years, inorganic chemistry has 
undergone a revolution. From empirical properties observed, reported 
and then collected together - sometimes the conclusions drawn being 
in marked disagreement with one another - the experimental facts of 
inorganic chemistry are now being correlated on a systematic basis.
The fundamental change that has occurred has been the introduction 
and extensive use of the concept of orbitals and orbital shapes and 
their influence on the molecular nature of inorganic compounds.
In place of the complex "Coordination Compounds" as pictured 
by Werner being the exceptions to the general rule of inorganic 
compounds, it is now accepted that many inorganic compounds are, by 
their very nature and bonding* complex compounds, "simple" molecules 
often being merely special cases of the more general complex molecules.
IVIultivalent elements, having available a wider range of bonding 
orbitals, have proved extremely interesting and fruitful of investigation. 
Work on these elements has been made possible in recent years because 
of two factors. The first of these is that more and more of the 
"rarer" elements have become readily obtainable, both in quantity 
and in price. The second factor has been the existence of many new 
"research tools". Mention may be made of the polarograph, of 
chromatography, of the X-ray spectrometer and of the Gouy balance for
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the measurement of magnetic susceptibility.
The tervalent metals, indium and gallium, special reference being 
made to their complexes with orthophosphate, have been chosen for this 
present work because the investigation of these compounds is a logical 
continuation to the studies of iron, aluminium and other tervalent 
metals that have been carried out in recent years.
One of the ’’research tools" that has been lately developed is 
the ion exchange resin. The essential function of the resin is to 
isolate, from solution, either cationic or anionic species. These 
ion exchange resins have proved very successful in the investigation 
of complex compounds and it was decided to make use of them for the 
study of indium and gallium complexes.
Another method, the pH titration, has also been employed. The 
particular type of pH titration chosen is that in which a change in 
hydrogen ion concentration is brought about by the addition of a 
complexing acid to the solution of a metal salt. The complexing pH 
titration has been used fairly extensively but no general treatment 
has been available for the interpretation of the results. An attempt 
has been made in connection with the present studies to provide, in 
general terms, a method for the interpretation of results from these 
pH titrations.
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1.2. Chemistry of Gallium and Indium.
In group JB of the periodic table, boron and aluminium are 
usually considered to be well known elements, leaving gallium, indium 
and thallium to be considered relatively unknown. In fact gallium and 
indium are reasonably abundant but are never found in great concentration. 
This is exemplified by the fact that they were both discovered in the 
nineteenth century with the aid of a spectroscope - gallium by Lecoq 
de Boisbaudran in 1875 and. indium by Reich and Richter in 1863. Until 
recently gallium and indium were never extracted in sizeable quantities 
but, during the last decade, much work has been carried out to elucidate 
their chemical behaviour.
As is to be expected from their electronic structure, both gallium 
and indium exhibit tervalency
n . 2 0 20 6 z 2, 6 , ,1 0  „ 2 . 1Ga 1s 2s 2p 5s 5p 58- 4s 4P
n 3+ * 2 0 20 6 , 2, 6Z ,10Ga 1s 2s 2p 3s 3p 38.
Tv, , 2 0 2, 6 , 2, 6Z ,10 „ 2 .  6 , ,10 E 2 C 1In 1s 2s 2p 3s 3p 38 4s 4p 48 5s 5p
T 3+ 4 2 0 20 6 z 2Z 6Z,10 , 2. 6.,10In' 1s 2s 2p 3s 3p 3d 4s 4p 4d
the formation of the terpositive ion leaving an electronic configuration 
which is not that of an inert gas.
In the formation of complexes in which gallium and indium have an 
oxidation state of +3 either tetrahedral, with a coordination number
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of four, or octahedral, with a coordination number of six, structures
would he expected in which the hybridised bonds would have the
3 3 2configurations sp and sp^d respectively.
Hunt and Taube (i) have made an examination of the exchange of
water between hydrated cations and solvent molecules and have drawn
3+ 3+attention to the similarity of behaviour between Pe , A1 and
3+ 3+Ga as compared with that of Cr . They quote magnetic results
obtained by Werbel, Dibeler and Yosburgh (2) that support■the formulation 
3+of Pe aq. as having five unpaired d electrons and thus suggest that 
for Al^+, Fe^+ and Ga^+ (it similarly follows for In^+) the d 
orbitals utilised for hybrid bond formation would be of the same quantum 
number as the s and p orbitals, whereas, in the case of chromium...
n  . 2 0 2n 6 _ 2, 6, ,5 a *1Cr 1s 2s 2p 3s 3P 3d 4s
n 3+ 4 2 0 20 6 _ 27 67,3Cr 1s 2s 2p 3s 3p 3d.
2 3... the d orbitals utilised in d sp hybridisation are of a lower 
quantum level than the s and p orbitals,
Hunt and Taube thus establish that aqueous complexes of tervalent
gallium and indium would be expected to show a certain similarity to
those of aluminium and iron and certain differences from those of
chromium. These two authors have drawn attention also to the fact that
3 + 3 +the solid chlorides of A1 and Pe are readily converted to the
four coordinated forms l^Cl^ and that solid gallium chloride is
-  12 -
already in the Iv^ Clg form.
Electrometric measurements (3) have shown that the precipitation 
of hydrous gallium oxide begins, in the presence of the sulphate ion, 
at a mole ratio of [OH”] to [Ga^+] of approximately one to one, and, 
in the presence of chloride, bromide or nitrate ions, at a mole ratio 
of three to one. Tananaev and Bausova (4) examined the system GaCl^ - 
NaOH - H^O by solubility, light extinction and precipitate volume 
methods to find that reaction takes place in five steps which include 
the formation of:'
Ga(OH)Cl 
Ga(0H)2Cl 
Ga(0H)2>8Cl0 2^ 
Ga(OH)5 
and Ha[Ga(0H)4].
Polarographic measurements made by Kovalenko (5) indicate that 
the pH value of the initial precipitation of Ga(OH)^ from chloride 
solutions increases as the initial concentration decreases, but that 
the pH value (4»2) of complete precipitation remains constant and 
independent of the gallium concentration.
Gerding et al (6) have shown, by means of Raman spectra, that 
both solid and liquid gallium (ill) chloride are composed of Ga2Cl^ 
molecules with a bridge structure. Greenwood and Worrall (7)> however,
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from the results of electrical conductivity measurements, have suggested 
that both gallium (ill) chloride and bromide in the jaolten form are 
covalent and that they solidify in the form of ionic lattices of the 
type GaX2+.GaX^”. Garton and Powell (8) have examined the crystal
"4" "structure of gallium dichloride and have shown it to be Ga GaCl^ , 
each univalent Ga ion having eight nearest neighbours, all chlorine 
atoms from surrounding tetrahedral GaCl^ groups being arranged at 
the corners of a dodecahedron as in the [Mo(Cil)g]^  ion. A similar 
structure, based on the results of Raman spectra and supported by 
electrical conductivity measurements, has been put forward by Woodward 
et al- (9) for the structure of gallium dibromide. Corbett and 
McMullan Oo) suggest that the gallium dibromide structure should 
be formulated Ga(l)[Ga(lIl)l4].
Woodward and his co-workers (11, 12, 13) have examined aqueous 
solutions of gallium (ill) halides in the presence of excess of the 
corresponding hydrogen halide and have shown GaCl^ , GaBr^ and 
Gal^ ions to be present.
3+Polarographic reduction of In in the presence of chloride 
ions has provided evidence for the existence of InCl^ and InCl^
(14)1 the latter ion only being present in solutions of high chloride 
ion content. Cozzi and Vivarelli (15) also from polarographic results
| p ,
have suggested that In^O)^^ and In(H20)^X complexes are 
present in indium solutions containing bromide, chloride or iodide
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ions. Schufle and Eiland (16) studied aqueous complex systems of 
indium with fluoride, chloride, bromide and iodide ions present by 
means of the cation exchange resin Amberlite III 120. The results 
were analysed by the method of Sture Fronaeus (17) and the following 
species were found to be present:
Fluoride 2 +InF InF2+ InF^
Chloride 2+InCl InCl2+ InCl.
Bromide InBr2* InBr2+ InBr.
Iodide Ini
Carleson and Irving (18) used the method of Fronaeus, slightly
modified, to calculate the stepwise equilibrium constants for the
/ 2+formation of complex indium chlorides, bromides and iodides ^InX f 
+ \InX^ , InX^; from the results of experiments with radioactive indium 
and cation exchange resin. In order to supress hydrolysis of the 
indium ion, the acidity v/as maintained at a high value (0.691M) 
throughout the experiments by the use of perchloric acid. These
authors stated that polynuclear formation was negligible.
2.+ +  —Sunden (19) identified InF ' , InF0 and InF ~ ions by means
4
of potentiometric measurements. Burns and Hume (20) investigated 
indium bromide complexes by the use of ultra violet spectrophotometry
2+ -j. _
and showed InBr , 3hBr2 and InBr^ ions to be present. They 
explained the inability of Woodward and Bill (21) to identify the
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InBr^~ ion by means of Raman spectra to be because of its existence 
as [ln(H20)2Br^]“.
Woodward and Singer (13) used Raman spectra to provide evidence 
for the presence of [inl^]” ions in aqueous solution and also for 
the . [InBr^]~ ion after it had been extracted into an organic solvent.
Wiberg and Schmidt (22) have shown indium hydride to be formed as 
a reduction product of indium halides. Reduction by lithium hydride in 
ether at ~30° gives the solid triether complex of lithium indium 
hydride and polymeric indium hydride (ihEL,) . The reaction proceeds
y X
by way of the intermediates LilnX^H (where X represents chloride 
or bromide) and these they isolated as liquid ether complexes..
Chlorogallates, M(I).M(III).C1^, where M(l) represents the
ammonium, lithium, potassium or caesium ion, have been prepared and
studied by Friedman and Taube (23). The studies also yielded information
/ 3+ 3+on the relative acidities of the several Lewis acids (Ga , Fe 
3+ \
and A1 ; involved. These authors also found that ammonium chloro- 
gallate, NH^GaCl^, when heated with dimethyl ether, distributes 
itself between the solid phase and the saturated solution, without 
change in composition, whereas lithium chlorogallate, LiGaCl , 
undergoes a change in composition, the saturated ether phase being 
enriched in gallium chloride relative to lithium chloride.
Pugh (24) has prepared and examined complex gallifluorides of
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lithium, sodium, ammonium, potassium, rubidium, caesium, manganese (il), 
cobalt (II), nickel (il), copper, zinc, cadmium, barium, strontium, 
silver and thallium, and has assigned to these the following formulae:
Lithium, sodium and ammonium 3MF«GaF^
Potassium 2KF.GaFj.H20
Rubidium and caesium MF.GaF^.2H20
Manganese, cobalt, nickel,
copper, zinc and cadmium [M(H20)^ ][GaF^ ..H20]
Barium ' Ba^[GaFg]2 H^O
Strontium 3SrF2.GaF^.3H20
Silver Ag^[GaF^] 10H20
Thallium Tl2[GaF,-.H20]
According to Roberts and Laubengayer (25) indium, unlike gallium, 
does not readily form complex fluorides, the larger size of the indium 
ion being possibly mainly responsible for the difference in behaviour. 
These workers were unable to obtain fluoro-indium complexes of sodium, 
potassium, silver, nickel, thallium (i) and zinc but did obtain evidence 
for the formation of cobalt (il), [Co(H20)g][lnF,-(H20) ], lithium, 
Li^InF^, and ammonium, (EH^)^InF^, complexes. Ammonium indofluoride, 
as 3RH^F.InF^, had previously been described by Huysse (26).
Greenwood and his co-workers (27) have shown that gallium 
trichloride and gallium tribromide can form a variety of addition
compounds in which the donor atom can be chlorine, bromine, oxygen, 
nitrogen, phosphorus or arsenic.
Greenwood, Perkins and Wade, (28, 29, 30) have studied the addition 
compounds formed between gallium trichloride and phosphorus oxychloride 
and between gallium trichloride and phosphorus trichloride. In the 
fused state, the compound formed with phosphorus oxychloride has been 
shown to have the ioni a. structure POCl2+.GaCl^ and with phosphorus 
trichloride, the covalent structure Cl-jP.GaCl-,.
Addition compounds with alkyl and acyl halides have also been
studied. Brown, Eddy and Wong (31) have identified the compounds
GaCl-r.CELX (where X represents chlorine, bromine or iodine), and 
5 5
CH^Cl.GagClg in the system gallium trichloride - methyl halide,
+ —These authors have also suggested that the ionic species R ^aX^ 
is present as an intermediate in the halogen exchange equilibrium
CELBr + GaCl, - CH-,Cl.GaBrCl0 
5 5 5 £  .
Wong and Brown (32) have identified RCl.GaCl, and RC1.2GaCl, for
5 5
ethyl chloride and isopropyl chloride.
Greenwood and Wade (33) have shown that gallium trichloride can 
form addition compounds with acetyl chloride and benzoyl chloride, that 
both are powerful Friedel-Craft acylating agents and , from electrical 
conductivity measurements, that both are appreciably ionised in the 
molten state.
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Pyridine complexes, having the structures [(C^H^N)2GaCl2]+GaCl^
and [(CrHcN)0GaCl0]+Cl-*, have been reported by Greenwood and Wade (34) 
5 5 k *-
but no evidence was obtained for a one to three compound as had been 
reported by Eenz (35) •
Sutton (36) has prepared insoluble bistripyridyl indium chloride, 
bromide and thiocyanate by treating the corresponding indium salts 
with 2:2':2f‘-tripyridyl [2:6-di-(2-pyridyl)pyridine] in dilute 
aqueous ethanol solution. In a similar manner, 5-nitro--1: 10~ 
phenanthroline gives the complexes tri-(5-nitro-1% 10-phenanthrolino) 
indium chloride, bromide, iodide and thiocyanate, all being relatively 
insoluble. Sutton has also examined the indium halide addition 
complexes (inX^B^) formed with hydrazine, propylamine and 1s 2- 
propylene-diamine.
The solubility products of the quinolinates of gallium and indium 
have been determined (37)*
Ether complexes of certain halogen acids, HMX^, of gallium and 
indium have been prepared by dissolving the metal in an ethereal 
solution of hydrogen chloride or hydrogen bromide (38)* The products 
obtained were of the general formula HMX^.2R20 where M represents 
gallium or indium and X represents chloride or bromide.
Both trialkyls and triaryls have been reported in the literature. 
Gallium triethyl, Ga(C2H^)^, gallium trimethyl, Ga(CH^)^, and
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gallium triphenyl, Ga(CgH ) are known to form stable coordination
compounds with ammines and ethers and indium trimethyl and triphenyl 
are known to be more reactive than the corresponding gallium compounds. 
Coates and Hayter (39) have shown that trimethyl gallium forms unstable 
one to one coordination compounds with methyl cyanide and acetone
and, on the other hand, that donor molecules containing reactive 
hydrogen produce methane and dimeric products
Coates and Hayter have also described the acetylacetone derivative, 
(CH^JgGa^H^COCHgCOCHj) anc^  salicylaldehyde derivative, 
(CH^gGaOCgH^CHO of trimethyl gallium.
Smith (40) has examined the crystal structure of the cyclic 
tetramer of dimethyl gallium hydroxide, and Coates and Hayter (41) 
have shown that the polymeric anhydride [ (MegGa^O] . formed by 
controlled low temperature hydrolysis of the trimethyl gallium ether 
complex, is thermally more stable than trimeric trimethyl gallium
(dl^Ga + CH^CN --- > (CH^Ga. CH^CN
(CH^)^Ga + (CH?)2CO — ~> (CH^Ga. (CH^CO
CH.
(CHj?Ga + GEL OH — ->
3 3 3
+ 2CH
4
CH.
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hydroxide [ (CH^GaOH^. Kenney and lauhengayer (42) have confirmed 
this finding by decomposing trimeric trimethyl gallium hydroxide with 
heat to form methane and polymeric methyl gallium oxide.
Moeller (43), by the reaction between sodium, potassium and 
ammonium oxalates and indium sulphate solution, obtained precipitates 
of octahedral crystals of complex oxalato indates having the formulae
Ha[ln(C204)2(H20)2] HgO
K[ln(C204)2(H20)2] 2H20 .
m 4[ln(C204)2(H20)2]
Moeller found, if the precipitation were made using oxalic acid, that 
the product corresponded to In^CGgO^)^ 10Hg0 or
In[In(CgO^^O^O^lj which, on drying over anhydrous calcium
chloride, were converted to ^^(C^O^)^ 4^0 or
In[^ ( 0^0^ )2(220)2]^  2H2O. Attempts to prepare potassium trisoxalato 
indate led to the formation of an indefinite material with a 
composition approximating to 0.
Stability constants of gallium oxalates and malonates have been 
calculated by Dutt and his co-workers (44, 45) from pH measurements 
for the following equilibria
Ga Ox^ + 2H ^ Ga OX2 + ^Ox
Ga Mal^5" + 2H+ - Ga Mal2“ + HgMal
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Ga Mal2“ + 2H+ - Ga Mai* + HgMal
Ga Mal+ + 2H+ ^ Ga^ + HgMal
I^atnitskii and Kostyshina (46) have demonstrated that the 
tartrate complexes of aluminium, gallium, indium and thallium increase 
in stability with decrease in solubility of the hydroxides. This work 
was carried out by studying the relationship of stability to the pH 
value at which precipitation of the hydroxide commences.
Coszi and Raspi (47) have established the general formula InA^ , 
from the relation between half wave potential and acid concentration 
in polarographic studies, for complexes of indium with acetic acid, 
phenylacetic acid, glycolic acid and mandelic acid in the range pH 2 
to pH 5.
Sutton (48) has described ethylene diamine compounds of indium,
[in en^ ] which were prepared by the direct action of anhydrous 
ethylene diamine on various indium salts or by precipitation from 
alcohol.
Saito and Terry (49) have shown, by potentiometric titration of 
aqueous solutions with alkali hydroxide, that gallium, indium and thallium 
form complexes with ethylene diamine tetra acetic acid similar to those 
of aluminium, chromium (ill) and iron (ill) rather than to those of the 
rare earth elements. The anionic complexes of EDTA with gallium, 
indium and thallium in aqueous solution were found to contain one mole
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of coordinated water, which can dissociate to give a hydrogen ion. The 
one mole of water could he removed with difficulty in the solid state 
to support the vievf that it is held as a ligand in the solid.
Little work has been performed on gallium and indium phosphates. 
Sebba and Pugh (50) prepared amorphous gallium phosphate as a precipitate 
by the addition of a gallium solution to an excess of ha ammonium 
phosphate, followed by neutralisation. The precipitate was gelatinous 
at first but became granular on digestion. A crystalline variety was 
prepared under pressure in a Carius tube, Mooney (51) examined the 
crystal structure of gallium phosphate.
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1.5. Methods Available for the Examination of Inorganic Substances.
The examination of an inorganic molecule can conveniently be 
considered under four sections
1. The ratios of the component elements or groups,
2. The molecular or ionic weights of the species concerned,
5. The spatial arrangements of the bonds,
4. The quantity of each species present under given conditions.
The actual methods of chemical analysis are straightforward 
enough and can easily be applied to any material that may be isolated 
in a pure state. Where* however, the actual process of isolation 
brings about a change in composition of the material under examination, 
then resort has to be made to less direct methods of analysis and often 
the results of several independent methods of analysis have to be 
considered together. This difficulty is present where attempts are 
being made to identify species in solution, and is further complicated 
by the fact that several species may be present in equilibrium with 
each other, and this even in the simplest system.
Many methods have been utilised in the study of complexes in 
solution, the more important of these being spectrophotometry and 
spectroscopy, electrochemical methods, polarimetry, magnetic 
measurements, chromatography and ion exchange.
An analytical method due to Job (52) known as ’The method of
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Continuous Variation’ is worthy of mention. This method entails
the measurement of a suitable property while varying the concentrations
of the complexing species. Consider the complexing reaction
M + nA - MAn
where M = metal,
A - complexing ligand, 
MAn = complex.
The mole fractions of M and A are varied in such a way that the 
total molar concentration remains constant and the particular property 
chosen is then measured over the range of variation. A plot is then
constructed of the difference between the observed value and the value
calculated, assuming no complexing to take place, as a function of
?
molar fractional composition. A maximum or minimum indicates the 
presence of a complex having the composition indicated. The theory 
of this method has been reviewed (53) and extended to include cases in 
which more than one complex is formed from a given pair of compounds.
Job’s method may be applied to any property that is additive including 
spectrometry and refractive index measurements.
Spectroscopic Measurements. These may be considered as belonging to 
one of several types. Absorption spectra in the visible and ultra
violet ranges are caused by electronic energy changes as are X-ray
spectra. Absolute interpretations of these spectra are not usually
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attempted and they are used mainly for comparison with known standards 
and for comparison of spectral differences brought about by changes in 
ligands. The symmetry of cupric complexes (54) and of nickel complexes 
(55) have been investigated by means of these spectra.
Infra red and Raman spectra are produced by molecular vibrations.
Studies of Raman spectra (56, 57 > 58) have helped to identify the ionic 
2-
species MX^ where M = cadmium, zinc or mercury and X = chlorine, 
bromine or iodine,,
Iluclear magnetic resonance spectra, produced by subjecting a 
nucleus with a non-zero magnetic moment and placed in a magnetic field 
to radio frequency radiation, have been used for studying the phosphorus 
nuclei in polyphosphates (59)*
Paramagnetic resonance spectra, produced by the interaction of 
the magnetic moment of an unpaired electron with an applied magnetic 
field, have provided information on copper phthalocyanine (60)
Electrochemical Measurements. The most important electrochemical 
measurements used for the elucidation of complex structure are obtained 
from the three groups of electrometric titrations. Potentiometric 
titra/tions are characterised by changes in the potential of an electrode 
in the solution which is being examined. A special case of these 
titrations is that involving the hydrogen electrode for the measurement 
of pH changes. Other electrodes are often more convenient and are
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chosen appropriately for the titration reaction to be studied. Britton
and Dodd (61) used metallic electrodes in demonstrating the formation 
_ 2-
of Ag(CN)2 and Zn(CN)^ by means of potentiometric titrations.
Gonductometric titrations involve measurement of the conductivity 
of the test solution through the course of the reaction. All ions 
present affect the conductivity and the interpretations have to make 
allowance for the presence of any ions that may have been added. 
According to Bailar (62) these titrations are not as widely applied as 
potentiometric titrations because of interference by foreign ions.
Amperometric titrations measure changes in diffusion currents 
at constant potential, the diffusion current being proportional to 
the concentration of reducible or oxidisable species present in 
solution. These titrations are, therefore, used to show concentration 
measurements based on the measurement of electrolysis current at a 
constant potential of the indicator electrode.
A special case of the amperometric titration is utilised in the 
Polarograph. The term ’Polarogx'aphy1 was first suggested by Heyrovsky 
(63) for the determination of current - voltage curves with the dropping 
mercury electrode. The voltage provides information on the nature of 
the substance present and the current on the quantity present. Ferric 
and ferrous oxalate complexes have been studied by von Stackelberg and 
von Freyhold using polarographic techniques (64).
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Magnetic Susceptibility Measurements. The most useful method of 
measuring magnetic susceptibility is due to Gouy (65). The method 
involves weighing the substance under examination both inside and 
outside a magnetic field, the difference in weight being related to 
the magnetic susceptibility. These results can provide useful 
information on the stereochemistry, valency and bond types present.
The Gouy method has found wide application with the transition metals, 
being applicable to both solids and liquids, iYyholm (66) has used 
measurements of magnetic susceptibility in the assignment of stereo­
chemical configurations in connection with the complexes of four 
coordinate bivalent nickel and Figgis and ITyholm (67) have applied 
them to studies of bivalent cobalt complexes.
Chromatography, Ion Exchange and Solvent Extraction. These methods, 
though essentially analytical, have been used to provide indirect 
contributions to the chemistry of complex compounds. Y/hilst it is 
extremely difficult to interpret the results of any one of these 
methods alone in terms of chemical structure, it is possible to use 
them as indirect methods of investigation and to provide confirmational 
information.
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1.4. Hydrolysis of Tervalent Metals.
In any account of work concerned with aqueous solutions of tervalent 
metals mention should be made of hydrolysis. It is necessary to be 
mindful of, and, if possible, to make allowance for, hydrolytic 
equilibria that may coexist with the complexing equilibria in the 
solutions under investigation. It is well known that tervalent salts 
undergo extensive hydrolysis in aqueous solution, in fact an 0.1M 
solution of ferric-chloride, for example, containing stoichiometric 
ratios of iron and chloride will have a pH value of about one. This 
extreme acid reaction is brought about by the presence of hydrogen 
ions released by reactions which may be formulated conveniently as
M5+ + H20 - M(0H)2+ + H+
The most important function connected with these hydrolyses is 
the equilibrium constant for the reaction. In 1959, Chemical 
Society published values for stability constants that had been reported 
up to the middle of 1957 and had been collected together by Bjerrum, 
Schwarzenbach and Sillen (68). This work includes thirty nine 
references to the hydrolysis of ferric iron, forty five references 
to the hydrolysis of aluminium, twelve references to the hydrolysis 
of gallium and eleven references to the hydrolysis of indium.
The following species have been considered for gallium
Ga(0H)2+ Ga(0H)2, Ga(OH)27 Ga(0H)^7 Ga2(OH)27 Ga(0H)~,
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and for indium.
In(0H)?+ In(OH)2, In^OH)^ Iu(OH)", Xnn(0H) ~n+1, In[ (OH)2In]p+n)+
The essential problem in the examination of hydrolytic species
present in solution is to decide the values for x and y in the
general formula (omitting charges) M (OH) • It seems fairlyx y
straightforward, by a combination of suitably chosen different methods, 
to obtain reliable information on the ratio x to y although this 
may be complicated by the existence of several species at the same 
time. The absolute values, however, of x and y are rather more 
difficult to obtain unambiguously. An example may be quoted here 
relating to the hydrolysis of iron (ill) investigated by HedstriJm in 
1953. • HedstrOm (69) studied the hydrolysis by electrometric methods 
and concluded that three hydrolytic species, as indicated by the 
equations below, were present
Fe5+ + H20 * FeOH2+ + H+
FeOH2+ + H20 * Fe(0H)2 + H+
2Fe3+ + 2H20 - Fe2(0H)4+ +" 2H+
These findings were supported by magnetic (JO) and spectrophotometric 
measurement s (71) •
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1.5. Phosphate Complexes of Tervalent Metals.
The complexing action of orthophosphorie acid and multivalent 
metals has been observed in analytical chemistry for many years.
Salmon (72) has pointed out that certain evidence exists for the 
formation of soluble complexes between tervalent iron and phosphoric 
acid. The decolourisation of ferric chloride solutions on the addition 
of phosphoric acid and the interference caused by the presence of 
the phosphate ion In the colourimetric determination of ferric iron 
with thiocyanates, are two examples of such evidence.
Many attempts have been made to elucidate the exact nature of 
the ferric phosphate complexes formed in differing circumstances. 
Weinland and Ensgraber (73) have reported E ^ F e ^ O ^ g ]  an& 
H^[Fe(P0^)^] complexes, Eede (74) suggested H^[Fe(P0^)Cl^] and 
Jensen [FeH^PO^]^ (75), Landford and Kiehl (76) put forward the 
formula [FeHP0^]+ and Banerjee (77) showed that the complexes 
[FeHP0^]+ and [Fe^PO^^] were indicated Prom conductometric 
titration curves of phosphoric acid with ferric chloride.
Salmon and his co-workers have found, from results of ion exchange,
pH titration and magnetic measurements, evidence for the presence of
uninuclear [FeHPO.]+ cations in solutions containing iron (ill)
4
6—
salts and phosphate and of trischelate anions of the type [Fe(PO^)^] 
in solutions containing iron (ill) and phosphate only.
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Genge and Salmon (78) made a general study of tervalent metal
complexes with phosphoric acid by means of ion exchange and pH titration
methods. They discovered a regular variation in the degree of complex
formation with the non-hydrated ionic radius of the metal and explained
this in terms of the ease of formation of a four membered chelate ring
0 0 
M ^  ^
X 0
If the metal ion i's too large or too small to form a stable chelate 
ring (optimum ionic radius 0.7 A) then bridge structures will tend 
to be formed, leading, in the extreme, to very large cross-linked 
structures and precipitation.
Evidence exists, from magnetic measurements (79) that monomeric
iron (ill) forms complexes with oxygen ligands (or with phosphates) by
3 2the use of outer d orbitals, that is by sp d hybridisation.
Genge and Salmon have further suggested that the other metals considered 
(aluminium, titanium, indium, scandium, ytterbium, erbium, neodymium 
and lanthanum) in the above reported work were probably forming 
complexes also by the use of outer d orbitals.
Phase diagram studies have been made on systems containing water, 
phosphoric axide and ferric oxide (80)> aluminium oxide (8l), chromic 
oxide (82)5 and indium oxide (83). The following were the stable solid
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phases identified for the metal and at the temperature stated
Iron 25° Pe0CL, 2 5 P205. 5H20
Fe2C) y 2Po0c. 8Ho0 2 5 2
Fe20 y 3P205. 6H20
Aluminium 25° A l 2 0 y p2o5. 7h2o
A1 2 0 y P205. 4H20
2A1203. 3 ? 2 0 y -  10H2°
A10Cl . 
2 5
3P205. 6H20
Chromium 0° Cr205. Po0c. 12Ho0 2 5 2
2Cr203. 3P2cy 51h2o
Cr2cy 2P2o5* 19H20
Cr2°3'
18H20
oo
Cr20j, Po0c. 12Ho0 2 5 2
Cr 2 0 y 2Po0c. 8Ho0 
2 5 2
Cr2°3* 3P2c y  ioh2o
Indium 25° ln20r p2o5. 4h2o
ln20 y p2o5. 7h2o
2In0CL 
2 5
. 3P205. 10H20
m 2or 3P205. 6H20
Indium 60° lnn07. P^ O,-. 4Ho0  2 ) 2 5 2
In2°y P2°5' H^2°
2Ino0,. 3Po0r-. 10Ho0 
<- 3 £  0  £
23h.0(L. 3Po0c« 2°Ho0 2 3 2 5 2
ln20^ . 2P2Cy 4H20
ln20^ . 3P205' H^2°
Further results on the phosphate complexes of tervalent metals 
that have been obtained by the use of ion exchange resin and pH titration 
studies will be reviewed in later sections.
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1.6. Objects of the Present Work.
1. To study the sorption on a cation exchanger of indium and gallium 
from solutions containing the metal salts only, in order to clarify 
the use of a treatment for the results of sorption experiments 
suggested by Salmon (84).
2. To repeat certain of the experiments carried out by Wall (85) 
in which indium and phosphate were sorbed on a cation exchanger from 
solutions containing indium chloride and phosphoric acid, with special 
reference to the age of the indium chloride solutions.
3. To investigate the use of the pH titration technique as used to 
investigate metal complexes.
4. To extend the knowledge of aqueous tervalent metal phosphate 
complexes to include those of gallium.
SECTION TWO
ION EXCHANGE STUDIES
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2.1. Ion Exchange Resins.
For about one hundred years the process of ion exchange in soils 
has been recognised and studied. The general conclusion drawn from 
the observations was that the clay fraction of the soil was the section 
in which the exchange took place. It was, however, found difficult to 
elucidate the mechanism of the exchange processes in soils because of 
the difficulties encountered in interpreting results. Nevertheless, 
it became established that the exchange process required essentially 
an insoluble material having a porous structure. This led to the use 
of insoluble silicates in order to study ion exchange phenomena under 
more controlled conditions.
Early in the present century, alumino - silicate gels (artificial 
clays) were developed for use in water softening ion exchange processes. 
The first synthetic ion exchange resins were prepared by Adams and 
Holmes in "1938 (86). These first cation exchange resins were obtained 
by heating dihydric phenols with formaldehyde, followed by sulphonation 
to introduce the strongly acidic group -SO^H, of which the hydrogen 
ion could be exchanged for another cation. The anion exchange resins 
were made in a similar way, the ~HH2 exchange site groups being 
introduced by condensation of an amine with formaldehyde.
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The following requirements are those considered to he necessary 
for a satisfactory ion exchange resin:
1. Insolubility in water,
2. Stability towards common chemicals in solution,
3* Only one type of functional group present,
4. Obtainable in particles of standard size,
5. Controllable degree of cross linking.
Modern ion exchangers are based on a cross linked polystyrene aromatic 
resin formed by co-polymerisation of styrene^ C^H^.CH = CH2, with 
divinylbenzene (DVB), CH^ = CH.C^H^.CH = CH^ . The three dimensional 
network so formed is, of course, consistent with the requirement of 
insolubility. The cation exchange site (sulphonic acid group) can then 
be introduced to this resin by sulphonation with sulphuric acid or the 
anion exchange site (quaternary ammonium group) by a chloromethylation 
reaction followed by substitution using a tertiary amine. The process 
in summarised in the diagrams on the following pages.
The closeness of the resin network depends on the degree of cross 
linking of the polystyrene and this is controlled by the quantity of 
divinylbenzene used in the polymerisation. It is possible to obtain 
commercially, resins with the degree of cross linkage varying between 
about one and twenty per cent.
Preparation of a Strong Acid Cation Exchange Resin
CH = CH, CH = CH,
•CH = CH,
STYRENE DIVINYL BENZENE
Suspension 
Polymerisati ©ni
- CH - CH2 - CH - CH2 - CH - CH2 - CH - C M  -
u
- CH2 - CH - CH2 -
CROSS LINKED POLYSTYRENE
- CH - CM -
Sulphonation
nJ'
CH - CII0 - CH 
I 2 I
- CM - CH - CM -
so3h SO^ H so3h so3h
- CH2 ~ CH - CH2 - 
SULPHONATED CROSS LIMED POLYSTYRENE
Preparation of a Strong Ease Anion Exchange Resin
CH - CH2 - CH - CH2 - CH - CH2 - CH - CE2
O O
- CH2 - CH - CPI2 - 
CROSS LINKED POLYSTYRENE
Q
Chi or ome1thylat i on
l 2 - CH - CH
CH2C1 CHgCl
CH - CH, CH
- CH2 - CH - CH2 -
Trimethyl amine
4 /
H - CH„ - CH - CH, - CH - CH, - CH - CH,2 I 2 , 2 j 2
0  Q  Q
CH2N(CH3)3C1 CH2N(CH3)3C1 j CH2N(CH3)3C1 ch2n (ch3) 
- CH„ - CH - CHn -
QUATERNARY AMMONIUM SUBSTITUTED POLYSTYRENE
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The resins used in this work are of the polystyrene type described, 
having the standard degree of cross linking (eight to ten per cent DVB) 
and having a mesh size of twenty to forty.
Many attempts have been made to elucidate the thermodynamics of
the processes involved in ion exchange equilibria in order to express
the exchange reactions in terms of a ’mass action’ type of equation.
Saldadze (87) has made an experimental invstigation of various ion
+ 24-exchange isotherms. The systems used were RBa - K , RK - Ba ,
RC1 - Ha^SO^, and RBa. - Mg, where R represents the exchange group 
of the resin. Three types of exchange equation were considered:
1. Equations based on Donnan's treatment of membrane phenomena (88) 
as developed by Gregor and others (89, 90, 9"0» These equations 
make allowance for the following properties of the sorbent:
Swelling capacity,
Osmotic coefficients,
Activity coefficients of exchange ions,
Non ~ exchange sorption of electrolytes.
2. Equations based on an adsorption mechanism of ion exchange, 
which is in turn based on kinetic concepts. These equations 
make allowance for valency and activity coefficients of the 
ions only in the liquid phase. Such an equation is that due 
to Gapon (92).
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3* Equations based on the law of mass action (93? 94)• These 
are derived from thermodynamics or statistical mechanics 
and allow for valency and activity coefficients of ions in 
both the liquid and the solid phases.
Since ion exchange thermodynamics based on earlier theories have 
been fully discussed elsewhere (95? 9&? 97)? it is not proposed to 
consider them further here.
One equation based on kinetic concepts by Gapon (92) and two 
equations based on the mass action law by Nikolsky (94) and by 
Vanselow (93) were chosen for investigation by Saldadze.
Gapon’s Equation
'1
where: and M2 are the cations undergoing exchange,
g^ and gjj are the amounts of and M2 sorbed, in moles,
Z^  and Z2 are the valencies of the exchange ions,
a^. and are the activities of cations at equilibrium
in the liquid phase.
Nikolsky’s Equation
K .  — 1
where; and a^. are the activities of ions and in the resin
phase.
This equation appeared to be the most correct for heterogeneous exchange 
reactions but it is not practically applicable as there are no known 
methods for determining the activities of ions absorbed by the solid 
phase. Using two assumptions, Nikolsky has simplified the equation:
1. The activity of ions in the solid phase is proportional to 
equivalent parts,
2. The ratio of activity coefficients in the solid phase raised 
to the inverse power of their valencies is a constant (based 
on Boltzmann’s theory).
Nikolsky’s equation thus reduces tot
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Vanselow^s Equation
1 1 g 1'/Z1 a 1A
1 1 Z " z  M1 \
( Z S  + Z \  }  2 1 ' T ^ z  = K ’ r ^ 22 gM2  ^ f^f2
These equations, based on different assumptions and derived in 
different ways, are identical for the exchange of equi-valent ions, 
but differ appreciably with respect to the exchange of ions of 
different valency.,
Saldadze's conclusions showed that the law of mass action 
could be used to describe the isotherms of ion exchange and that the 
activities of exchanging ions in the solid phase were proportional to 
their equivalent and not to their molar fractions.
Harris and Rice (98) and Rice and Harris (99) have attempted' to 
explain ion exchange equilibria on the basis of a polyelectrolyte gel. 
They state that the dependence of ion exchange selectivity and swelling 
on the cross linking, exchange capacity and the identity of the ions 
in the resin are all understandable by treating the resins as 
polyelectrolyte gels having the properties which are outlined below 
in the words of the authors:
1. The gel contains exchange sites that either bind exchangeable 
ions or remain unfilled.
2. Neighbouring exchange sites interact elctrostatically, with
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allowance for shielding by mobile electrolyte.
The gel assumes an equilibrium volume with respect to the 
electrostatic repulsions and the forces characteristic of 
an uncharged network.
4. The total amount of ion binding is such as to mii^ nise the 
free energy, including contribution of binding, charge 
interaction, distribution of bound ions among the sites, 
and configurational free energy.
5. The resin does not differentiate among unbound ions.
The overall picture obtained of the attempts to explain ion exchange 
equilibria in terms of mathematical equations and fundamental concepts 
is rather inconclusive and generally unsatisfactory. • It would seem that 
the individual worker is left the choice of a suitable equation which 
can be accepted as correct provided that it agrees with the results 
obtained experimentally. The matter is also further complicated where 
the exchange ions have a different valency. In the evaluation of the 
equilibrium constant for a normal ’mass action’ equation involving one 
tervalent ion, the activities are raised to the third povjer and, 
furthermore, because the concentration units do not cancel out, the 
volume of the solution in equilibrium with the resin takes on an 
importance not present where exchange of equi-va-lent ions is concerned.
The most general conclusion that can be drawn regarding affinity 
of ions for a resin is that, for a given series of ions of similar
-.45 -
■fcype» the order of decreasing affinity for the resin is generally the 
order of decreasing activity coefficients in concentrated solutions. 
The fact, however, remains that there does not yet appear to be any 
satisfactory theoretical interpretation of the ion exchange process 
and that good agreement may be obtained in any special case by the use 
of one or other of the ideas outlined above.
2.2. Review of Previous Work.
In 1952, Salmon (72) investigated phosphate complexes of iron 
by the use of ion exchange resins and put forward evidence for the 
existence of anionic complexes of the type [Pe(PO^)^]^ or
Z
[Fe(HP0/l),] in solutions containing iron and phosphate only. In 
an extension of the work (100) the complex [FeHP0^]+ was found to 
be present in solutions containing ferric chloride and phosphoric 
acid. Anionic ferric phosphate complexes and mixed chlorophosphate 
complexes were shown to be absent from such solutions.
These findings were confirmed in 1954 ^y Jameson and Salmon (80),
z
who showed that the complex [Fe(HPO^)^] was sorbed on an anion
exchange resin from solutions containing iron and phosphate and that
6-this sorbed complex was converted to the [Pe(PO^)^] ion when the
resin was washed. These authors also made a study (81) of aluminium
phosphates using ion exchange techniques. Evidence was obtained for
the presence of anionic aluminium phosphate complexes, such as
[Al(HPQ.),]^~ and [Al(HP0„)0]~, in solutions containing aluminium 
4 5 4 ^
and phosphate only. Little evidence was obtained for the presence of 
cationic complexes in such solutions.
Further work was carried out by Salmon and Wall (101), and 
evidence was obtained for the existence of monomeric complexes such 
as [AlHPO^ y!" [AIE^PO^]2* and [ A l ( H i n  solutions containing
- 47 -
aluminium chloride and sodium hydrogen phosphate and having high mole
ratios of phosphate to aluminium. At lower mole ratios evidence was
found for the existence of a binuclear complex to v/hich was assigned
2-fthe formula [AlgCPO^^OH)] together with the reasonable supposition 
that it had a bridged structure
■[aT ^  4W a13
OH'"'"
analogous to that 
of the corresponding ferric phosphate complex (79*^02).
The latest results (79) obtained by magnetic studies on ferric
iron solutions followed published reports by Mulay and Selwood (70)
and others concerning the existence of the polynuclear species
Fe2(0H)2^+. These magnetic studies indicated that one of the hydroxy
groups in the Feg^H^^* ion could be replaced by a phosphate group
to give such ions as [Fe(OH)(HPCL)]^ + or [Fe(OH)(PCL)]^ + in
Z 1 i  4
solutions of ferric salts containing phosphoric acid and having a low
content of free acidi In solutions where the free acid content was
higher these polynuclear complexes could be considered as decomposing
+
into complexes such as FeHPO^ •
Jameson and Salmon (82) in 9^55* put forward evidence based on ion
exchange studies to show that chromium complexes [Cr(P0^)2«a,q] and
[Cr(HP0.) aq]* were possibly present in solutions containing chromium 
4
and jjhosphate.
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The general picture obtained, from the results of previous ion 
exchange studies on solutions of tervalent metal phosphates indicate 
that cationic complexes are present in metal phosphate solutions 
containing a second anion derived from a strong acid and that anionic 
complexes are present in pure phosphate solutions.
Information has thus been obtained concerning phosphate complexes 
of tervalent metals* including those of chromium, iron, aluminium and 
indium* It was decided that the ion exchange methods applied
successfully to these tervalent metal complexes could well be extended
to include those of tervalent gallium, this element having a position 
in the Periodic Table between aluminium and indium. Further, it was 
decided to base these experiments on those previously performed and to
continue ion exchange experiments on indium complexes where it was
thought that the results might provide a basis for useful comparison.
*
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2.3* Experimental.
2.3.1. Determination of Gallium.
An attempt was made to determine gallium by the method published 
by Milner (103) using ethylene diamine tetra acetic acid (EBTA) with 
gallocyanine as indicator. This was found to be insufficiently 
sensitive at the lower concentrations to be used in the course of the 
present work. Experiments then showed that the method of Wanninen and 
Ringbom (104) for the estimation of aluminium could be applied to the 
estimation of gallium in low concentrations and the procedure is 
outlined below. The method has been shown to be valid in the presence 
of phosphoric acid for a molar concentration one hundred times that 
of the gallium.
An aliquot (containing 0.1 to 0.15 millimoles of gallium) was 
transferred to a 400 ml beaker and to this, was added 25 ml of 0.01M 
solution of the disodium salt of EDTA* If the gallium solution 
contained no nitric acid then 20 ml of metal free 2M acid was added.
The beaker and its contents were then heated on the steam bath for five 
minutes. After removal from the steam bath, excess acid was 
neutralised by the dropwise addition of concentrated (s.g. 0.88) 
ammonium hydroxide using the minimum quantity of methyl orange as 
indicator. The solution was then buffered to a pH of 4.5 by the 
addition of 10 ml of acetic acid - ammonium acetate buffer solution
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(one mole acetic acid plus one mole ammonium acetate diluted to one 
litre). Alcohol (96 per cent ethanol) was then added to double the 
volume of the solution, and this was followed by the addition of a 
suitable quantity of indicator solution (dithizone in alcohol, freshly 
prepared). The excess EDTA was then determined by titration with 
standard zinc sulphate solution, the end point being indicated by a 
sharp colour change from greenish yellow to red.
2.3-2. Determination of Indium.
The method used for the determination of indium was one involving 
the addition of excess EDTA solution to the sample solution containing 
the indium followed by titration of the excess EDTA by means of 
standard zinc sulphate solution. The method is the same as that used 
by Wall (85) and was based originally on the method of Elaschka and 
Amin (105).
An aliquot (containing 0.1 to 0.15 millimoles of indium) was 
transferred to a 400 ml beaker and to this was added 25 ml of 0.01M 
EDTA solution. If the indium solution contained no nitric acid then 
20 ml of metal free 2IV1 acid was added. The pH of the solution was 
adjusted to between 10.0 and 10*5 'the addition of 2N ammonium 
hydroxide solution, the pH being checked by means of wide range 
indicator paper. The indicator used was Eriochrome Black T in a 
freshly prepared solution and sufficient of this was added to the
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test solution to impart a light blue colouration. The excess EDTA, 
over that required to form a complex with the indium present, was 
determined by back titration with standard zinc sulphate solution, 
the end point being indicated by a sharp colour change in the solution 
from a grey-blue to a bright pink.
2.5-3« Determination of Phosphate.
Phosphate was determined gravimetrically as ammonium phospho- 
molybdate. There are many procedures for this determination, each 
differing only in detail but each producing slightly different results. 
In any of these procedures it is advised that a check be performed 
using potassium dihydrogen phosphate as a standard and that an empirical 
factor be thus derived. The procedure chosen was based on one to be 
found in ’Quantitative Chemical Analysis’ by Cumming and Kay (106).
An aliquot of the test solution containing between 0.1 and 0,2 
millimoles of phosphate was transferred by means of a pipette to a 
400 ml beaker that had been previously cleaned with chromic acid and 
distilled water. To this was then added 100 ml of a solution 
containing 100 g of ammonium nitrate and 50 ml of concentrated nitric 
acid (16N) per litre. The beaker and its contents were then heated to 
40°C. and 50 ml of 3 P-er cent ammonium molybdate solution (also heated 
to 40°C.) added slowly and with careful stirring. The precipitate was 
then left overnight and filtered into a tared sintered glass crucible
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of number 4 porosity* The precipitate was washed with 75 ml o f  a 
solution containing 50 g of ammonium nitrate and 40 ml of concentrated 
nitric acid per litre followed by a wash with 1 per cent nitric acid 
solution* After drying in an oven at 106°C, for one hour, the crucible 
was cooled in a desiccator and weighed.
By calibration with a known weight of potassium dihydrogen 
phosphate, the ammonium molybdate precipitate was found to contain 
5*005 per cent by weight as P0^ or 5*74 per cent by weight as ^2^5* 
The procedure as outlined above was found to be reproducible.
2.5*4* Preparation of Gallium and Indium Solutions.
Gallium and indium chloride and nitrate solutions were prepared 
by dissolution of a weighed quantity of pure gallium or indium in 
hydrochloric or nitric acids followed by evaporation to remove excess 
acid (in the presence of a small quantity of hydrogen peroxide), 
dilution to volume and adjustment of pH, where necessary, by the 
addition of acid,
2.5*5* Phosphoric Acid.
Phosphoric acid, 0.3M (and 1..5M for the pH titrations) was 
prepared by dilution of A,R. syrupy phosphoric acid and standardised 
by determination of the phosphate content by precipitation as 
ammonium phosphomolybdate.
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2,3*6, Preparation of Gallium Phosphate,
Aluminium, indium and ferric phosphates have been prepared by 
means of a method in which excess phosphoric acid was added to the 
metal salt solution followed by sodium hydroxide, until a faint 
permanent precipitate was obtained, the metal phosphate being then 
thrown out of solution by the action of heat.
In the case of gallium, this procedure was tried several times 
starting with solutions of both the chloride and the nitrate containing 
excess phosphoric acid, and using both sodium and ammonium hydroxide.
On the addition of hydroxide a faint white precipitate was obtained 
followed by a larger precipitate on subsequent warming. Analysis of 
the product, after washing and drying, however, showed that the 
precipitate consisted only partly of gallium phosphate. The quantities 
of both gallium and phosphate in the various solids obtained were 
found to vary both absolutely and in ratio even when corrected for 
loss in weight at 105°C,
It was then decided to prepare solutions of gallium phosphate by 
dissolving gallium hydroxide in phosphoric acid. The gallium hydroxide 
was to be prepared by precipitation from a salt solution by means of 
ammonium hydroxide. On analysis, however, the product did not correspond 
to any known simple oxide of gallium - even when the precipitation was 
carried out using gallium nitrate solution containing only sufficient
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nitrate ion to maintain solubility and when any excess ammonia present
had been driven off by keeping the solution for a long period at 100°C,
Recourse was finally made to the preparation of gallium phosphate 
solutions by dissolving gallium oxide in phosphoric acid. The oxide 
was prepared by dissolving gallium metal in nitric acid, evaporating 
off the excess acid and decomposing the nitrate by the action of heat,
2 Ga(N0j)j ^a2°3 + nitrogen oxides
Care was taken not to overheat the nitrate in order to avoid making an 
insoluble form of the oxide. Analysis showed the product to be Ga^O^.
Solutions of gallium phosphate were thus prepared by dissolving 
the gallium oxide in phosphoric acid.
2.5.7. Cation Exchange Resin.
The cation exchange resin used throughout was Zeo-Karb 225 strong 
acid resin manufactured by The Permutit Company Limited. The resin as 
received was washed successively several times with hydrochloric acid 
and water in order to remove the iron impurity that is always present 
with these resins.
For use in the hydrogen form the resin was treated with excess 
2M hydrochloric acid followed by water washing and air drying. The 
dried resin was sieved and the twenty to forty mesh fraction used.
The capacity of the resin was determined hy titration of a weighed 
portion of resin* or by titration of a sample after use and after 
conversion to the hydrogen form* the resin being suspended in a solution 
containing excess sodium sulphate * by standardised sodium hydroxide 
solution using phenolphthalein as indicator.
In all cases where washing of resins with water was employed* care 
was taken to ensure that only freshly deionised distilled water was used. 
The water Y/as deionised by passage through a column of *Bio-Deminrolit* 
mixed bed ion exchange resin.
2.3.6. Preparation of Zeo-Karb 225-Ga Resin.
In order to study the removal of gallium from a cation exchange 
resin in the gallium form* an amount of Zeo-Karb 225-H was converted 
to the gallium form. This conversion was carried out by passing a 
solution (pH value between 1=0 and 2,0) of gallium chloride through a 
column containing the resin in the hydrogen form, The solution was 
recycled through the column after evaporation to remove the excess 
acid formed in the exchange process.
Yfhen the capacity of this resin was determined it v/as found to 
contain approximately 0.5 moles of gallium per equivalent of resin.
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Gallium eluted Resin capacity Moles Gallium per
from Resin Hydrogen equiv. Resin
O.765 m.moles 1.54 m. equivs 0,498
0.815 1 1.64 1 0.497
The gallium form of Zeo-Karb 225 was then prepared from a solution 
of gallium nitrate in place of the chloride solution used above. Gallium 
was then found to be present on the resin to the extent of O.424 moles 
per equivalent. Although this value was lower than that obtained when 
gallium chloride was used it was still appreciably more than the figure 
of about 0.53 moles per equivalent that would be expected for a tervalent
A further conversion was carried out using gallium chloride 
solution, 0.1P1 in gallium and having a pH value of 1.0. The resin so 
prepared contained 0.294 moles of gallium per equivalent of resin.
2.5*9. Anion Exchange Resin.
The anion exchange resin used was De-Acidite FF strong base resin 
manufactured by The Permutit Company Limited. The resin as received 
was washed successively several times with hydrochloric acid and water. 
For use in the experiments the resin was converted into one of several 
acid forms.
metal,
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Chloride Form Resin. This was prepared by treatment with excess 2N 
hydrochloric acid followed by water washing and air drying*
Carbonate Form Resin. Prepared by treatment with excess 2M sodium 
carbonate solution followed by water washing and air drying.
Phosphate Form Resin. This was prepared from the carbonate form resin 
by treatment with excess 2M phosphoric acid followed by water washing 
and air drying.
In all cases the air dried resin was sieved and the twenty to 
forty mesh fraction used. The capacity of the samples of anion exchange 
resin was determined by conversion to the chloride form, elution of 
the chloride with 2M nitric acid and gravimetric determination of the 
chloride as silver chloride.
2.5.10. Procedure in Batch Experiments.
To portions of the solutions under examination were added 0.5 g 
quantities of cation exchanger or 1.0 g quantities of anion exchanger. 
The solutions were made up and the resin added on the first day, 
allowed to stand over the second and third days, shaken for three 
hours on both the fourth and fifth days and the solution separated 
from the resin by filtration on the fifth day. The filtration was 
carried out by means of an ion exchange column having a sealed in 
sintered glass disc of No 1 porosity. The pH value of the solution
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after filtration was measured, this measurement was the equilibrium 
pH value quoted in the tables of results. The materials sorbed on 
the resin were eluted, after washing, with 100 ml of 2M nitric acid 
and subsequently determined.
In the experiments where metal was removed from the metal form 
resin, the solutions and resin were allowed to remain in contact for 
seven days with occasional shaking.
2.4* Results,
2.4*1. Removal of Gallium from Gallium Form Resin,
Solutions of phosphoric and other acids were allowed to come to 
equilibrium with Zeo-Karb 225 cation exchange resin in the gallium 
form. The quantity of metal removed from the resin is an indication 
of the degree of complexing of which any particular acid is capable. 
The more metal that is removed, the greater the degree of complexing 
power that can be attributed to that acid. The equilibrium between 
the metal ions on the resin and the metal ions in solution
77 TT*f T,r n+ tr +M + nH *5 M + nfi
(barred formulae representing ions sorbed on the resin) is disturbed 
by the formation of complexes in solution
M n+ + mHA - H (M A )n+nr nr
The acid, therefore, that removes the most metal from the resin can 
therefore be considered to be the acid with the greatest complexing 
power.
The removal of gallium from the gallium form resin was studied 
using phosphoric acid, sulphuric acid, hydrochloric acid, nitric acid 
and perchloric acid. The results are summarised in Table 2.1. and
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Table 2.1•
Removal of Gallium { r fo ) from Gallium Form Resin
PH H3P°4 H2S°4 HC1 MO,5
HCIO^
0.05 95.4 79.3 77.7 81.5 63.8
0.25 86.5 69.3 62.5 73*4 56.1
0.50 76.0 57.6 51.8 59*6 46.6
0.75 60.9 48.9 43-7 50.5 42.3
1.00 47.0 41.8 38.6 43-6 37.0
1.25 41,6 37.3 35.6 39.6 34.2
0.05 87-5 74.9 72.4 67.5 63.8
0.25 83.4 65.9 62.6 58.1 54.0
0.50 70.0 42.5 39.6 35.9 30.7
0,75 49.2 24.4 22.3 19.9 15.2
1.00 35*9 13.1 11.2 9.6 9.1
1.25 22.5 5.9 4.0 3.2 2.4
Weight of resin, 0.5 g.
Volume of solution, 50.0 ml.
Loading of resin, (a ) 0.50 moles of gallium per equivalent of resin,
(B) 0.50 moles of gallium per equivalent of resin.
Gra ph 2.1.
Removal of Gallium from Gallium Form Resin
Gallium
Removed 100
30
-a
•o
70
60
\ \
40
\
20
10
0
1.00.50
pH
X  Phosphoric Acid
• Sulphuric Acid
A  Hydrochloric Acid
a Nitric Acid
O Perchloric Acid
y ------- )( High Resin Loading
£  x Low Resin Loading
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2.4.2. Sorption of TervaLsnt Metal Ions by Zeo-Karb 225*
In the series of ion exchange experiments reported by Salmon and
his co-workers (85,101,102), in which the sorption, on a strong acid
cation exchange resin, of tervalent metal ions and phosphate had been
studied, there often appeared a slight, but consistent, deviation from
the expected value for the sorption of metal ions in the control
experiment being carried out in the absence of phosphate. This value
has normally been only slightly different from a value of 0.53 moles
of metal per equivalent of resin. The difference has been attributed
2+to the sorption of hydroxylated species such as M(0H) in the case 
of enhanced sorption and to unsaturation of the resin in the case of 
reduced sorption. It was therefore considered that an investigation 
into the sorption of metal ions from metal salt solutions alone might 
provide some interesting information.
On purely qualitative grounds it would seem possible that certain 
factors might contribute to a variation in the quantity of tervalent 
metal ions sorbed on a cation exchange resin.
1. The pH of the equilibrium solution, the hydrogen ions 
competing with the metal ions for resin sites,
2. The concentration of the anion, mainly having the effect of 
varying the pH value of the solution.
3. Hydrolysis of the metal salt in solution. This hydrolysis
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is dependent on both the metal and the anion chosen, and 
again has the effect of varying the pH of the solution.
4* The anion. The activity of the metal salt in solution varies 
as the anion is changed and so the quantity of free metal 
ions available to compete with hydrogen ions for available 
resin sites can vary.
5. Temperature at equilibrium. All the experiments were carried 
out at room temperature, and, assuming a small temperature 
coefficient, this factor was ignored.
6. Resin variation. This was avoided by using the same batch 
of cation exchange resin throughout.
7. Concentration of the metal ion. The concentration was kept 
constant at approximately 0.1M throughout.
The factors therefore available for variation were the pH value 
of the equilibrium -solution, the type of anion (anion concentration 
being dependent on pH) and the type of metal. Experiments were 
therefore carried out with gallium, indium, iron and aluminium chloride 
solutions and gallium and indium nitrate solutions. For each metal 
salt a series of experiments was performed in which the pH of the 
solution was varied. The results are summarised in Tables 2.2., 2.3. 
and 2,4* The results for the gallium and indium experiments have been 
plotted in Graphs 2.2. and 2.3.
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Table 2.2,
Solutions at different pH Values
pH
*
NPe
1
P=S X Fe
1.37 0.592 2.55
1.25 0.575 2.68
0.95 . 0.531 3.02
0.68 0.314 3.18
Sorption of Aluminium by Zeo-Karb 225 from Aluminium
Chloride Solutions at different pH Values
pH
*
NA1
1
p " “
A1
5.10 0.329 3.04
1.49 0.328 3.05
1,21 0.314 3.18
0.86 0.300 3.33
Weight of resin 0.5 g.
*
Moles of metal per equivalent of resin. 
Volume of solutions, 50 ml.
Molarity of metal chloride solutions, 0.1M.
Table 2.5.
Sorption of Indium by Zeo-Karb 225 from Indium Chloride 
Solutions at different pH Values
pH NIn P = I T
In
2.12 0.$61 2.77
1.84 0.372 ' 2.69
1.64 0.367 2.72
1-36 0.359 2.79
1-.20 0,350 2.86
1.08 0.358 2.96
0.95 0*311 3.22
0,71 0.225 4*44
Sorption of Indium by Zeo-Karb 225 from Indium Nitrate 
Solutions at different pH Values
w NTIn
1
P - n tIn
1.74 0.321 3.12
1.37 0.341 2.93
1.10 0.338 2.96
0.93 0.332 3.01
0.76 0.322 3.11
0.63 0.315 3.17
0.50 0.306 3.27
Moles of indium per equivalent of resin. 
Weight of resin,0.5 
Volume of solution, 50 ml.
Molarity of indium salt solutions, 0.1M.
Graph 2.2.
Sorption of Indium by Zeo-Karb 225 from Indium 
Chloride and Indium Nitrate Solutions
0.4
0.3
0.2
1.6 2.0 2.40.8 1.20.4
pH
X  Indium Chloride Solution
• Indium Nitrate Solution
Table 2.4.
Solutions at different pH Values
pH Ga
1
p NGa
2.25 0.498 2.01
2,00 0.362 2,76
1.50 0.334 2.99
1.13 0.328 3.05
Sorption of Gallium by Zeo-Karb 225 from Gallium Nitrate
Solutions at different pH Values
pH
#
Ga
1
P " HGa
2.45 0.779 1.28
2.29 O.625 1.60
2.09 0.381 2.62
,1.35 0.334 2.99
1.00 0.326 3.06
0.80 0.294 3.40
$
Moles of gallium per equivalent of resin, 
Weight of resin, 0,5 g.
Volume of solution, 50 ml#
Molarity of gallium salt solutions, 0.1M.
Graph 2.3.
0.8 Sorption of Gallium by Zeo-Karb 225 from Gallium J 
Chloride and Gallium Nitrate Solutions /
Ga
0.7
0.6
0.5
0.4
0.3
0.2
1.60.4 0.8 2.0 2.4
pH
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% Gallium Nitrate Solution
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2,4.3* Cation Exchange Experiments with Gallium and Indium Phosphates#
Sorption experiments were carried out by Wall (85) using Zeo-Karb 
225 cation exchange resin with indium chloride solution in the presence 
of phosphoric acid. These experiments used indium chloride solutions 
having a pH value of 2*0. The results of these experiments indicated 
the general probability of polynuclear complexes being present in such 
solutions. It was decided to repeat these experiments using indium 
chloride solution of a lower pH value.. In the course of these experiments
it became clear that the quantity of phosphate sorbed on the resin with
the indium depended to some extent on the age of the indium chloride 
solution. The experiments were accordingly carried out with fresh and 
aged solutions of indium chloride both at the lower pH and at the pH 
value used by Wall.
Similar experiments were then run with gallium chloride solutions 
in order to ascertain whether the same pattern of sorption existed as 
with indium, and whether an ageing effect would also be apparent.
The results are summarised in Tables 2.5*, 2.6., 2.7 and 2.8. and in
Graphs 2.4. and 2.5*
Results from the cation exchange experiments have been treated
by a method based on that described by Salmon (84). For the sorption
x+ 3+
of a complex ion of the type MH P0. together with M , the
x 4
following equation will apply
3Nm - Hpo (5 - x) = 1 ......(1)
4
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where N and N ™  represent the total number of moles of metal and 
m 4
phosphate sorbed respectively per equivalent of resin. This equation 
can be generalised for the sorption of any one cationic complex 
together with free metal cations
p.N - q.M™ - 1 .....(2)* m PO. ' 7
4
Now it is apparent, from a comparison of equations (1) and (2),
that p is dependent on the charge of the free metal cations only, but
that q depends on the charge of the complex ion and of the free ion.
3+The values of p, which may fall below a value of 3 f°r M ions if
2+ 3+only a small proportion of M(0H) ions are sorbed together with M
ions, have been calculated from ion exchange experiments where the
indium or gallium salt solutions only have been present. Values of p
greater than 3 indicate that the resin was not saturated. Values for
q have been calculated from the formula based on (2) above
p • N - 1m
q. » --- - - - - - - - - - - -
Calculations of q have been mades
q^, Using the value for p obtained from the first member of
each run. This assumes that p is a constant over the range
of pH values occuring in a series of experiments, i.e. that
3+ .the proportion of hydroxylated species to M ions is
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constant and that ’free’ metal ions still leave the same 
proportion of resin sites vacant.
Using the p values obtained from the first member of each 
run and reducing the value of the effective resin capacity, 
as the pH varies, in the same proportion as the unsaturated 
resin in the experiments with indium salt solutions and no 
phosphoric acid, i.e. it is assumed that the same proportion 
of resin sites are in the H+ form regardless of whether ’free’ 
ions or ’free’ ions plus phosphate cations are sorbed. 
ox y  Using the value p =* 3*
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Table 2.5*
Sorption of Indium and Phosphate by Zeo-Karb 225 from Solutions 
containing Indium Chloride and Phosphoric Acid
SOLUTION RESIN
P04
In
pH
Moles/equiv. resin 
In P0^ p *1 *2 q3
Freshly Prepared Solution.
0 1.35 0.359 ■ 2.79
0.33 1.23 0.405 0.0515 2.52 2.95 4.17
0.73 1.14 0.414 0.0672 2.31 3.46 3.60
1.26 1.10 0.408 0.0790 1 -75 2.66 2.83
1.95 1.06 0.400 0.0695 1.67 2.68 2.88
Solution Aged for 6 Weeks.
0 1.36 0.354 2.82
0.33 1.23 0.405 0.0332 4.28 4.96 6.48
0.73 1.15 0.409 0.0448 3.42 4.41 5.07
1.26 1,11 0.407 0.0426 3.47 4.82 5.19
1.95 1.07 0.395 0.0391 2.91 4.77 4.42
Indium chloride solution, pH 2.0, 0.1M. 
Phosphoric Acid, 0.3M.
Weight of resin, 0.5 g*
Graph 2.4»
Sorption of Indium and Phosphate by Zeo-Karb 225 from
Solutions containing Indium Chloride and Phosphoric Acid
0.4
0.3 0.1
0.050.2
 X
2.01.00.50
fcjPOj]
[In]
Indium
y. Phosphate
y _________ X Freshly prepared solution
X  — X  Aged solution(where different)
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Table 2.6.
Sorption of Indium and Phosphate by Zeo-Karb 225 from Solutions 
containing Indium Chloride and Phosphoric Aoid
SOLUTION RESIN
PQ Moles/equiv. resin
In
jJH In P°4 P *1 *2 *3
Freshly Prepared Solution.
0 1.16 O.336 2.98
0.36 1.09 0.347 0.0256 1.19 2.10 1.60
0.80 1.04 0.348 O.O46O 0.73 1.87 0.96
1.37 1.02 0.354 0.0496 1.04 2.24 1.25
2.12 0.99 O.366 0.0496 1.75 3.2 6 1.98
3.19 0.98 0.345 0.0575 0.43 1.97 0.61
4.79 1.00 0.344 0.0497 0.44 1.92 O.64
Solution Aged for 6 Weeks.
0 1.16 0.329 3*04
0.72 1.12 0.358 0.0143 6.18 7.30 5# 17
1.06 1.10 0.358 0.0210 4.21 5.24 3.52
1.72 1.07 O.365 0.0262 4.24 5.71 3.63
2.61 1.05 0.360 0.0163 5.79 8.72 4.91
3.89 1.05 0.357 0.0124 6.88 10.15 5.73
Indium chloride solution, pH 1.3, 0.1M. 
Phosphoric acid, 0.3M.
Weight of resin, 0,5 g*
Graph 2»5»
Sorption of Indium and Phosphate by Zeo-Karb 225 from
Solutions containing Indium Chloride and Phosphoric Acid
0.4
0.3
P0
0.05
532 40 1
• Indium
X  Phosphate
X — -----% Freshly prepared solution
X------ X Aged solution (where different)
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Table 2.7.
Sorption of Indium and Phosphate by Zeo-Karb 225 from Solutions 
containing Indium Nitrate and Phosphoric Acid
SOLUTION RESIN
P0
4
In
pH
Moles/equiv, resin
In P0„ p 
4 *1 *2 q3
0 1.29 0.354 - t 2.83
0.33 1.04 0.449 0.0716 3*78 7.94 4.85
0.75 0.96 O.469 0.122 2.69 5-75 3.35
1.28 0,96 O.467 0.0939 3.43 7.27 4.27
1.99 0.96 0.458 0.0897 3.30 7.10 4.17
Indium nitrate solution, pH 2,0, 0.1M, age 7 weeks.
Phosphoric acid, 0.3M.
Weight of resin, 0.5 g.
The results obtained in this experiment agreed substantially with 
those obtained by Wall (85), especially in the high values of q, and 
for this reason the sorption from indium nitrate and phosphoric acid 
was not investigated further.
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Table 2.8,
Sorption of Galli-um and Phosphate by Zeo-Karb 225 from Solutions 
containing Gallium Chloride and Phosphoric Acid
SOLUTION RESIN
P04
Moles/equiv. resin
P *1 q2 q3
—  u jj . vjrcx
Ga
Freshly Prepared Solution. 
(1) 0 2.25 0.498 
5.66 1.02 0.414
4
0.0622
2,01
-2.70 4*56 3*89
7.33 0.98 0.369 0.0206 -12.54 6.99 5.19
(2) 0 
3*66
2.00
1.00
0.362
0.401 0,0495
2.7 6
2.16 4*91 4.10
7*33 O.96 0.363 0.0326 0.58 3*84 2.73
(3) 0 
3.66
1.50
0.95
0.334
0.384 0.0392
2.99
3*78 4.86 3.88
7.33 0.91 O.36O 0.0306 2.50 3*79 2.61
(4) 0 
3.66
1.13
0.87
0.328
O.36O 0.0407
3*05
2.41 2.85 1*97
7*33 0,86 0.339 0,0083 4*09 6.13 2.05
Solution aged for
(1) 3.66 1.00
52 Weeks. 
0.428 0.1237 -1,13 2.73 2.30
(2) 3.66 0.98 0.414 0.1132 1.26 2.96 2,14
7.33 0.95 0.372 0.0681 0.39 2,93 1.70
(3) 3.66 0.90 0.400 0.1127 1*95 2.57 1*77
7.33 0.88 O.364 0.0336 2.63 5.18 2.74
Gallium chloride solution, 0.‘1M, pH (1) 2*49, (2) 2.05, (3) 1*68, (4) 1.30. 
Phosphoric acid, 0.3M.
Weight of resin, 0,5 g.
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2.4.4. Anion Exchange Experiments with Gallium Phosphate.
Gallium phosphate solutions were prepared hy dissolving gallium 
oxide in phosphoric acid with the proportions as indicated in Table 2.9. 
Portions (1.0 g) of the anion exchange resin De-Acidite PP in the 
phosphate form were then added to 50 ml samples of the gallium phosphate 
solutions. Blank experiments were carried out with phosphoric acid 
alone in order to determine the average charge of the phosphate sorbed 
on the resin in the absence of gallium.
After allowing the solution and the resin to reach equilibrium, 
the resin was separated from the solution and washed with carbon dioxide 
free water until the washings were neutral to methyl orange. The 
quantities of gallium and phosphate sorbed on the resin were then 
determined and the results are summarised in Table 2.9*
Again, a method due to Salmon (84) has been used as a basis for 
the treatment of the results obtained from these experiments.
* / "7 ^  *2 \
In the case of the sorption of a 1 n complex [lIH An3'
3+formed between a tervalent metal cation M and an anion derived
from a tribasic acid H^A, if the quantity of M sorbed (as the complex)
per equivalent of exchanger is N , and the total quantity of A
sorbed (as complex and free A ions) is and if, under identical
( "K ^
conditions, but in the absence of M, A is sorbed as [H^A]' ions,
~ 79 -
moles complex sorbed *
moles free H, A ^  ^  sorbed = N. - nilb A m
equivalents of complex sorbed = ^m(3n “ 3 - Q.)
equivalents of A sorbed = (3 - ~ n^m)
total equivalents sorbed = 1 = ^m(n  ^~ 0. “ 3) + ^
1 - Ka(3 - b)
whence q = nb - 3 “ ------------
ITni
The quantity (3 ~ b) was determined from the blank experiments 
carried out in the absence of the metal. From the results values 
of q have been calculated for n « 1, 2 and 3, these are included 
in the table.
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Table 2.9.
Sorption of Gallium and Phosphate by Te-Acidite FF from
Solutions containing Gallium Phosphate,
I3P04] Ga203(/„) ■ pH Ga n^=1 % i ~ 2 . •-%!=
2.0 - 0.60 - 0.611
2.0 1.0 0.71 0.012 0.603 -2.76 -1.29 0.12
2.0 1.5 0.79 0.018 0.588 -3.67 -2.20 -0.78
2.0 2.0 Oi.80 0.030 0.611 -1.64 -0.78 1.25
4*0 - 0.10 « 0.631
4*0 2.0 0.22 0. 011 0.612 -4*34 -3*02 -1.66
4.0 3.0 0.25 0.020 0.584 -5*29 -3*97 -2.61
4*0 4.0 0,37 0.027 0.609 -2.90 -1.58 -0.22
Weight of fe-Acidite FF - P0^ resin, 1,0 g. 
Volume of solution, 50*0 ml.
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2.5. Conclusions,
2.5.1. Removal of Gallium from Gallium Form Resin,
The removal of gallium from the cation exchange resin Zeo-Karb 
225 in the gallium form (Graph 2,1.) shows that complexing occurs in 
the order phosphoric acid > sulphuric acid = hydrochloric acid = 
nitric acid > perchloric acid.
Two sets of results, referring to two different resin.loadings, 
have been included. The removal of gallium from resin of high loading 
is always greater than the removal from resin of low loading. This 
would be expected from consideration of the equilibrium
M n+ + nH+ ^ jfln+ + nH +
arid emphasises the importance of using the same loading of metal form 
resin for comparing the complexing effect of two acids. It emphasises 
even more the importance of resin loading, where it can be variable, if 
the complexing effect of the same acid on different metals is to be 
measured by this method. Without more detailed knowledge of the actual 
molecular structure of the metal form cation exchange resin, it would 
be difficult to suggest, especially where gallium itself is concerned, 
which metal loading in one case would be comparable with which metal 
loading in another case. The position could be clarified by using 
either a resin loaded to saturation by passage of a solution of the
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metal salt containing stoichiometric ratios of radicals, or resin 
loaded to contain exactly 0.33 moles per equivalent of metal. It can 
clearly be seen, however, that the results obtained can be varied 
between fairly wide limits by a suitable choice of resin loading..
Genge and Salmon ( J 8 )  have used this technique for the study of 
a wide range of tervalent metals with phosphoric and perchloric acids. 
They found that the quantity of metal desorbed by phosphoric acid was 
related to the size of the non hydrated ionic radius of the metal in 
question. The optimum value for ionic radius was found to be close 
to 0.70 A, this particular size permitting the metal atom to lend 
itself readily to the formation of a four membered chelate ring
M P
^  0^  ^ 0
The equilibrium
M n+ + nH+ - Mrl+ + nH +
would then be disturbed from left to right because of the high stability 
of the chelate complex so formed. Prom this work, assuming the ionic 
radius of Ga^+ to be 0.62. A (107), the quantities of gallium that would 
be expected to be removed by phosphoric and perchloric acids have been 
estimated and are included, in Table 2.10 below, with the values 
actually measured.
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Table 2,10.
Removal of Gallium (%) from Gallium Form Resin
^  Phosphoric Acid Perchloric Acid
A B A B
0.25 94 CD VM I CO
 
—
3
47 54 - 56
0.50 91
VO1or— 32 30 - 47
0.75 88 49 - 61 24 15 - 42
1.00 67 36 - 47 17 9 - 3 7
A. Genge and Salmon (78)*
B. This work. The higher figures refer to experiments using the 
resin with higher metal loading (see Graph 2,1,)
These figures show substantially good agreement for the removal of 
gallium from the gallium form resin by perchloric acid, but differ 
markedly for the removal by phosphoric acid. The decrease in the 
quantity of gallium desorbed by phosphoric acid, as compared with the 
estimated value, can be ascribed to a possible tendency for gallium 
to form phosphato complexes with structures different from the four 
membered chelate ring system that appear to be favoured with other 
tervalent metals having a similar ionic size. It may be that gallium 
provides an example of an extreme case in which very large cross-linked 
structures may be formed, leading to precipitation. Another possible
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explanation for the apparently anomalous desorption figures could he 
that the accepted value for the ionic radius of gallium has been 
calculated falsely* If the results of Genge and Salmon ( j d )  are 
plotted graphically (Graph 2.60 it can seen that the results 
obtained for gallium would be quite consistent if the ionic radius 
were about 0*55 A and not 0.62. A*
The quantities of indium desorbed by phosphoric acid from a 
cation exchanger in the indium form are very similar to those 
calculated for gallium (85,78)*
2.5*2. Sorption of Tervalent Metal Ions by Zeo-Karb 225*
The results obtained (Tables 2.2., 2*5. and 2.4.* Graphs 2.2. and 
2.5*)'Show that; for gallium and indium chloride and nitrate solutions, 
and, to a lesser extent, for aluminium and ferric chloride solutions, 
the quantity of metal sorbed depends, to a large extent, on the pH of 
the solution in equilibrium with the resin. The behaviour can be 
divided into three parts, having the pH range, less than 1.0, 1.0 to 
2.0 and greater than 2.0,
In the more acid range, pH less than 1.0, the sorption tends to 
decrease. This is probably the result of two effects. The first effect 
is the competition for the available resin sites by the increasing 
quantity of H+ ions present in the more acid solutions and the second
Graph 2.6.
Metal
Removed (^)
The Removal of Various Tervalent Metals from
Zeo-Karb 225 by Phosphoric Acid
100
80
60
40
20
NdYb ErIn. ScFe GaA.10
0.90.6 0.80.70.5
Radius of M^+ (a )
O  pH 0.25
®  pH 0.5
a  pH .0.75
O  pH 1.0
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effect is the removal of ’free' metal cations by auto-complexing with 
the increasing quantity of anion present. Both these effects could 
lead to the reduction in the quantity of metal sorbed on the resin.
In the range of pH between 1.0 and 2.0 the quantity of metal
sorbed is sensibly constant and is generally only a little more than 
the theoretical 0.33 moles per equivalent that would be expected if 
all the metal were present as terpositive ions. The slight excess 
could be accounted for by assuming sorption of species formed by 
hydrolytic reactions such as
M5+ + H20 . ^  M(0H)2+ + H+
to be taking place•
Sorption of metal in the highest pH range, however, is markedly 
different for gallium and indium. Sorption of indium shows a slight 
maximum between pH 1 and pH 2 and decreases at the higher pH values. 
One explanation for this could be the agglomeration of indium species 
in solution to form a large hydroxylated molecule prior to the 
precipitation of indium hydroxide. This large molecule would then be 
excluded, to some extent, from sorption because of the small size of 
the resin matrix. Such an effect has been reported by Russell and 
Salmon (108) who showed that the ionic species formed during 
condensation of vanadate ions in solution as the pH was lowered were 
subject to ionic sieve effects in exchange reactions with anion
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exchangers of the De-Acidite FF type. Biedermann (109)' has' put forward
evidence for the existence of ions of the type Inf (OH)gin] .
These ions would have a limiting value for the charge to metal ratio
3+of unity and should result in the sorption of up to 1 In per
equivalent of resin. It is thought that this type of ion would, in
fact, be large enough to be excluded from the resin.
This ion sieve effect; however, provides no basis for explaining
the large increase in sorption of gallium in this pH range. This 
increase could be due to the process of hydrolysis reducing the average 
charge on the gallium ion almost to one, it being implied that the 
mechanism of precipitation of the hydroxide is different for gallium 
and indium and that possibly the precipitated hydroxides are of a 
different type.
Evidence for this difference is provided by Moeller and King, who 
have studied the precipitation of gallium and indium hydroxides.
Gallium hydroxide was found to be precipitated from chloride and 
nitrate solutions by alkali hydroxides with the mole ratio of 5 OH 
to 1 Ga^+ (3). Moeller further suggested (110) that precipitation 
was preceded by a process of ion aggregation and not peptisation of 
the hydrous oxide (Ga0+.H20) by excess gallium ions. If ion 
aggregation does occur, the aggregates could be in equilibrium with 
gallium ions having a low effective charge, addition of the cation 
exchange resin to the solution disturbing the equilibrium to such an
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extent that the species with the low charge are preferentially sorbed.
In the studies of indium hydroxide precipitation from indium
chloride and nitrate solutions (111) it was observed that a colloidal
sol was produced, giving rise to a flocculent precipitate before the
- 3+theoretical mole ratio of ^  O S to 1 In had been attained. The
hydroxide was, in fact, precipitated from indium nitrate solution
- 3+after 0.84 moles OH per In had been added and from the chloride
3+solution after the addition of only 0*02 moles OH per In • In this 
work, whilst a difference was noted between the indium chloride and 
nitrate solutions, it was rather slight and is difficult to determine 
whether the divergence observed by Moeller was apparent in the ion 
exchange system as well*
2.5*3* Cation Exchange Experiments, with Gallium and Indium Phosphates.
The most interesting feature of these results (Tables 2.5* to 2.8. * 
Graphs 2.4* and 2.5*) is the way in which the quantity of phosphate 
sorbed, together with gallium or indium, on a cation exchange resin 
varies, by a factor of about two, with the age of the metal chloride 
solution. In addition to this, it is significant that the quantity of 
phosphate sorbed from indium chloride - phosphoric acid solutions tends 
to fall with age, whereas that sorbed from gallium chloride - phosphoric 
acid solutions tends to rise, the quantity of metal sorbed in each 
case remaining almost identical.
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This ageing effect was not observed in the experiments in which 
indium and gallium were sorbed from salt solutions in the absence 
of phosphoric acid. It thus seems, from the exchange isotherm 
experiments, that any change on ageing does not affect the ratio of 
charge to metal, this appears to remain constant at any one pH value.
Values for q, the charge on the complex, were obtained from 
the results of these experiments by the application of Salmon's 
method (84) using the equation derived earlier (p. 70*)
p.H - 1m
1 ---------
NP°
4
The essential difficulty that presented itself was that of alloting the 
correct value for p. For a tervalent metal ion, the cation exchange 
resin should sorb 0.33 moles per equivalent of resin, representing the 
value p = 3* Values of q^  have been calculated on this basis. The 
work in Section 2,4*2., however, has shown that the sorption of 0.33 
moles per equivalent represents only one special case and is therefore 
not generally applicable.
The first value of q to be calculated, that is q^, has been 
based on the value of p obtained from sorption experiments on the 
solutions used for any one series before phosphoric acid had been added. 
Ty/o factors, in this case, have been implicitly ignored. The first is 
the effect of reducing the metal ion concentration in the complexing
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experiments and the second is the effect of change in hydrogen ion 
concentration on the addition of phosphoric acid. This effect is most 
clearly noticeable when using a gallium solution of very high pH, 
which resulted in a negative q value. This would indicate a 
negatively charged complex which would clearly not be sorbed, in any 
circumstances, by a cation exchanger.
The third value of p that has been used, is that obtained from 
results of experiments on solutions in the absence of phosphoric acid 
but having the same pH value as the ’complexed' solution.
None of these p values, however, has resulted in constant values 
for q. It is clear, nevertheless, that the value obtained for q 
varies, as does the phosphate sorption, with the age of the metal 
chloride solution.
In the case of indium nitrate - phosphoric acid solutions, the 
findings of Wall (85) have been confirmed, the high q values 
indicating the presence of polynuclear species.
For indium chloride - phosphoric acid solutions, the quantity of 
phosphate sorbed decreases with the age of the indium chloride solution, 
this is accompanied by a corresponding increase in q value from about 
two to between five and seven. These values can be interpreted on the 
basis of polynuclear complex formation taking place in the solution 
containing aged indium chloride and would indicate the possibility of
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the ageing process in the indium chloride being such as to produce 
polymers,
2 In(0H)2+ In2 (0H)24+
with the corresponding complex formed
In2(OH)24+ + HP04 ^ In2(0H)(HP04)3+ + HgO + H+
The reverse ageing effects are observed for gallium chloride - 
phosphoric acid solutions. The quantity of phosphate sorbed increases 
with age, accompanied by a decrease in q values. This would 
indicate that polynuclear species are being formed from freshly 
prepared gallium chloride solution and that the ageing process tends to 
result in the formation of less condensed species.
2.5.4* Anion Exchange Experiments with Gallium Phosphate.
Both gallium and phosphate have been sorbed by the phosphate form 
of the anion exchange resin De-Acidite FF from solutions of gallium 
phosphate. Because the quantities of gallium sorbed were small, however, 
it is not possible, from a consideration of the q values obtained, to 
deduce the precise nature of the complex gallium phosphate species sorbed.
Calculations of the percentage resin capacity accounted for by 
assuming sorption of a range of possible complexes also lead to no 
unambiguous conclusion (Table 2.11.). The method of calculation is to
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substitute the appropriate values of N , N , b, q, and. n in them a
right hand side of the equation
; 1 = (nb - <1 - 3) + UA (3 - b)
derived on page 79, and then to multiply the result by 100 per cent.
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Table 2,11,
Percentage Capacity of Anion Exchange Resin Accounted-for by 
Sorption of Gallium Phosphate Complexes together with Free, Phosphate
COMPLEX *
l3P°4] Ga2°30Q NGa
hpo4
A B c D E P
2*0 1.0 0.012 0.603 95*4 93.0 97.1 93.5 98.8 94.0
2.0 1.5 0.018
COCOIf'v•
o
92.9 89.3 95.4 90.0 98.0 90.8
2.0 2.0 0.03 o 0.611 96.3 90.3 100.6 91.6 105.0 92.8
4.0 2.0 0.011 0.612 100.2 97*7 101,4 98.1 102.9 98.5
4.0 3.0 0.020 0.584 95-1 91.1 97.8 91.8 100.5 92.5
4.0 4.0 0.027 0.609 99.0 93.6 102.6 94-5 106.3 95.5
* Assuming sorption of one of the following complexes together with 
2-HPO^ and HgPO^ ions in proportions as indicated from data in 
Table 2.9*
A = [Ga(P04)2]3"
B = [Ga(HP04)2r
C « [Ga(P04)3]6-
D « [Ga(HP04)3]3'
E * [Ga(P04)4]9_
P = [Ga(HP04)4]5-
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Recently, Harrison and Salmon (112) have observed that the pattern 
of removal of tervalent metal ions from a cation exchanger by phosphoric 
acid is closely followed by the uptake of metal phosphate complexes by 
the phosphate form of an anion exchanger. Data from this observation 
are plotted in Graph 2.7* together with, for comparison, those of Genge 
and Salmon (78) for the removal of tervalent metal ions from a cation 
exchange resin by phosphoric acid of pH 1.0,
In order to fit the uptake of gallium on an anion exchanger into 
this pattern it is again necessary to assume that gallium has an ionic 
radius of about 0.55 A and not 0,62 A.
Graph 2.7»
A Comparison of the Removal of Tervalent Metal ions from 
Cation Exchange Hesin and Their Sorption by Anion jSxchaggeJRes^n
(A)
(B)
100
80
-# Ga
20
In.Sc
0.6 0.80.7 1.0
- 0.03
(B)
fM)
£p°4]
0.02
0.01
Radius of M3+ (A)
Genge and Salmon (78)
Harrison and Salmon (112). The ratio of metal to free 
phosphate sorbed by an anion exchange resin assuming 
the formation of a 1:3 metal phosphate complex.
SECTION THREE
pH TITRATION STUDIES
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5.1. Review of Previous Work,
There are many examples of titrations involving the measurement 
of changes of pH on the addition of a titrant. The titrant may he an 
acid, or a base, or any other substance capable of producing a change 
in pH value by alteration of the nature of the species present in 
solution.
The first reports of the use of a hydrogen electrode in an
electrometric titration were made by Biittger as far back as 1897 (113) *
In 1913, Hildebrand (114) studied the precipitation of rare earth
hydroxides and reached the conclusion (inter alia) that the anion
present (in solution) had an effect on the pH value at which the
hydroxide was precipitated. This work on hydroxides was extended in
s
1925 by Britton (i i5) who \howed that the precipitation pH value of 
the hydroxide should, in fact, be independent of the anion type present 
and that the precipitation pH values obtained by Hildebrand were 
influenced by reactions between the electrode and the solution and also 
by the formation of colloids*
Among other precipitation reactions, which Britton studied by 
pH titration techniques, was the reaction in which a base was added 
to a phosphate solution to form insoluble normal and basic phosphates. 
Two distinct processes were there observed to take place in the course 
of the titration, One was neutralisation, which was a fast reaction,
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the other was formation or precipitation of the phosphate complex, 
which was a slow reaction. From this it would seem reasonable to 
suggest that, in certain titrations involving the phosphate anion, 
time is required for equilibrium to be established even if the complex 
formed is soluble,
Rathje, in 1941» studied the formation and formulation of phosphates 
of certain bivalent and tervalent metals by the method of acidimetric 
precipitation (116), Sodium hydroxide was added to solutions containing 
a metal salt and a phosphate (either as disodium hydrogen phosphate,, 
potassium dihydrogen phosphate or phosphoric acid) in order to maintain 
the pH of the reaction mixture between certain limits, controlled by 
indicators (thymol blue, pH 1.2 to 2,6; methyl orange, pH 2,5 to 5*7» 
methyl red, pH 4*0 to 6.0; bromothymol blue, pH 6,2 to 7 , 8 ;  phenolphthalein, 
pH 8,0 to 9*2), Time was allowed after each additon of alkali for 
completion of the reaction. The composition of the salt precipitated 
was calculated and equations for the reactions involved were derived 
from the quantities of the reagents used. The results obtained 
indicate that:
1, Secondary phosphates of the formula MHPO^ are formed at low 
temperatures by magnesium, strontium, calcium and barium.
2, Mixtures of secondary and tertiary phosphates of the formulae 
MHPO. and M_,(P0.)? are formed at low temperatures by
*t J  Lr  ^
ferrous iron, nickel, zinc and lead.
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3. Mixtures of secondary and tertiary phosphates of the formulae 
MgCHPO^)^ and MPO^ are formed at low temperatures by aluminium 
and ferric iron.
4* At increasing temperatures, mixtures of secondary and hydroxy 
phosphates of the formulae MHPO^ and M^PO^^.M^H^ are 
formed by magnesium, strontium and barium.
5. Tertiary phosphates of the formula M^PO^Jg are formed at
high temperatures (temperatures at which the reaction solution
boils) by magnesium, barium* cadmium, manganous manganese, 
ferrous iron, cobalt, nickel and copper.
6. Hydroxy phosphates of the formula are formed
at high temperatures by strontium, calcium, zinc and lead.
7. Tertiary phosphates of the formula MPO^ are formed at high
temperatures by aluminium, lanthanum, cerium, bismuth and
ferric iron,
Lindqvist, in a paper delivered to a symposium on the structure 
and properties of heteropoly anions held in 1956 (117)» gave a brief 
survey of methods available for the study of heteropoly anions in 
solution. Among other methods he devoted a section to potentiometric 
measurements and their use in providing-information about equilibrium 
constants. Although this paper was devoted to heteropoly anions there 
were some-interesting general points concerning pH titrations:
1. Potentiometric and pH measurements are probably the most
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powerful tools available for studying complex formation in 
aqueous solution.
2. For applications of potentiometric and pH measurements the 
ionic strength should be kept constant and this can normally 
be achieved by the presence of excess perchlorate.
The use of perchlorate ions for maintaining constant ionic strength 
was investigated by Biedermann and Sillen (118). They put forward 
evidence to justify the assumption that activity factors remain constant 
when an inert medium is used and also the assumption that the liquid 
junction potential,.in such conditions, is a linear function of [H+] 
only.
Sillen and his co--w\orkers have applied extensively a treatment, 
for the elucidation of complexes of the ’core and links' type (119, 120), 
to the results obtained by them in their studies on hydrolysis. In a 
system in which A and B react to form a series of polynuclear 
complexes A E ^  often appears that all the complexes have a 
composition corresponding to a certain 'core' and a varying number 
of 'links'. For example, if the core is AgBg anc* ^2^1 *
all complexes can be represented as ^2^2^2^n* °r ^r^t^n or
B (A.B) . In the papers referred to above the mathematical relations s o n
between the total and free concentrations of A and B are given and 
methods to determine r and t are discussed.
Baker, Gallagher and McCutcheon (121) prepared a solution of pure
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12-molybdoceric (IV) acid by the use of an ion exchange resin and 
confirmed the presence of eight replaceable hydrogen ions in 
HgtCeMo^gO^g] from the results of a potentiometric titration with 
sodium hydroxide.
Arden and his co-w%orkers (122 f 123) have used pH measurements in 
the titration of various cation salt solutions with sodium hydroxide to 
elucidate the precipitation reactions of uranium in the presence of 
other metals and also in the presence of phosphate, arsenate and 
silicate. Acid solutions were prepared with and without the metal in 
question being present and identical titrations were carried out with 
both solutions. Deductions were then made according to the points of 
divergence of the curves. In the case of phosphatesformulae were 
alloted to the dissolved species according to the pH at which points 
of inflexion occurred and, by comparison with the pH values at which 
phosphoric acid itself ionises. The normal aluminium phosphate, AlPO^, 
appeared to be precipitated from solution between pH 2.7 and pH 3*5 
and to be present as a colloid below pH 2.7. Ho formula was suggested 
for ferric,phosphate but it was shown that ferric iron could play a
part in the separation of uranium by removing phosphate from solution
3+ ■ un­provided that the Fe to P0^ ratio was maintained at over 1.0.
This fact, together with the pH value being 2.0, could.be interpreted
as indicating the formation of a one to one complex, such as FePO^,
as a precipitate, or FeHP0^+ as a soluble complex.
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Salmon (100) has reported the results of pH titrations of ferric 
chloride and of ferric nitrate and has shown that the addition of 
phosphoric acid caused a rapid fall in pH up to a mole ratio of one 
to one, and that thereafter the pH remained practically constant, even 
in the presence of a considerable excess of phosphoric acid. The 
addition of an inert electrolyte, such as sodium nitrate, had no effect 
on the course of the titration. With sodium dihydrogen phosphate in 
place of phosphoric acid, the pH passed through a minimum at a mole 
ratio of one to one, the decrease in pH, however, being markedly less 
than with the phosphoric acid.
The pH titration results agreed with ion exchange results in 
indicating that the complex present in major proportion in ferric
chloride - phosphoric acid solutions must be a cationic complex such
, 2+
as [FeHPO^] or [FeH^PO^] with one phosphate group per iron
atom. Of these two complexes, [FeHP0^]+ was favoured from the ion
exchange results.
The results of studies carried out by Holroyd and Salmon (124), 
in which solutions of metal sulphates were titrated with phosphoric 
acid, indicated cationic complex formation with tervalent aluminium, 
chromium (aged solutions), iron and indium, but not (to any appreciable 
extent) with a range of bivalent metals. The existence of cationic 
phosphate complexes was confirmed in solutions containing the metal 
ion, phosphate ion and the anion of a strong acid by ion exchange
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experiments. In the titration of iron and aluminium sulphates the 
increases in hydrogen ion concentration were more than in the titrations 
of the metal chloride solutions. These increases were attributed to 
the possibility of the chloro complexes of these metals being more 
labile than the sulphate complexes, with the result that the chloro 
groups were more easily displaced by phosphate than were the sulphate 
groups. From these results it was suggested that an equilibrium of 
the following type existedt
MJ+ * [M(HP04)]+ * [M(HP04)3r  * [m (HP04)3]5"
Equilibria involving the phosphate ligand (HgPO^) such asj
m5+ * [m (h2po4)]2+ * [m (h2po4)2]+
* [M(H2P04)3]° * [M(H2P04)4r  * [M(H2P04)5]2'
were ruled out on the basis of results obtained from quantitative 
ion exchange studies.
Holroyd and Salmon, in a later paper (i02), investigated polynuclear 
complexes formed in ferric sulphate - phosphoric acid solutions and in 
ferric chloride - phosphoric acid solutions and put forward the 
suggestion that mixed sulphato-phosphato-ferric complexes may be formed 
more readily than mixed chloro-phosphato-ferric complexes. These 
conclusions were based on the results of cation exchange studies.
- 104 -
Salmon and Wall (102) carried out pH titrations of aluminium 
chloride and aluminium nitrate against phosphoric acid, and pH 
titrations of aluminium sulphate in the presence of ammonium sulphate 
(to he compared with the earlier pH titrations of aluminium sulphate 
against phosphoric acid carried out by Holroyd and Salmon (124))•
The titrations of aluminium chloride and nitrate were also carried out 
in the presence of sodium chloride and sodium nitrate (to give a 
concentration, in the solution to be examined, of up to 0.5M of the 
salt added), but these additions had little effect on the course of 
the pH titration. The addition of sodium sulphate (0,5M) to the 
aluminium nitrate solution or of ammonium sulphate to the aluminium 
sulphate solution, however, led to a markedly smaller release of 
hydrogen ions throughout the titration.
These results appear to indicate that sulphate appears to form 
stronger complexes with aluminium than does chloride in the pH range 
0.50 to 1.25, and that the release of hydrogen ions by reactions 
such as:
2A13+ + H P0. * A1„P0 3+ + 3H+
3 4 ^ 4
is adversely affected in the presence of sulphate. The suggestion 
was also put forward that the sulphate complexes formed with aluminium 
approach in stability those formed by the phosphate ion, so that 
competitive complex formation by sulphate will limit the left to right
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reaction of the above equation while sulphato complexes present in 
the solution may exert a buffering effect
aiso4+ + h+ ^ aihso42+
The pH titration curve obtained, for aluminium chloride was 
similar to that for aluminium nitrate.
A comparison was given of the pH titration for aluminium with that 
of the corresponding ferric salt to show that the release of hydrogen 
ions for aluminium is always less than that for iron (except for 
sulphate solutions at high mole ratios of phosphate to metal). The 
final conclusion, supported by ion exchange studies, is that the 
cationic phosphato aluminium complexes are formed less readily than 
the corresponding phosphato ferric ones.
Genge and Salmon (78) supported their findings that the degree 
of complex formation between phosphoric acid and certain tervalent 
metals was in the order Ti > Pe > In > A1 by the results of 
pH titrations of the metal chlorides with phosphoric acid. Although 
the conditions were rather different it is interesting to note that 
the above order, with respect to indium and aluminium, is the reverse 
of that found by Wall (85). Genge and Salmon titrated 50 ml of 0.05M 
metal chloride solution with 0.75M phosphoric acid and Wall titrated 
25 ml of 0.1M metal chloride solution with 1.5M phosphoric acid.
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5.2. Experimental.
The procedure adopted was to add, portionwise, phosphoric acid 
(i,5M) from a burette to the sample of metal salt solution (25 ml,
0.1M) contained in a small vessel in which there were also immersed 
a glass electrode and a saturated calomel electrode. The pH value 
was measured after each addition.
The most general result which can be obtained from such a 
titration is an indication as to whether any complexing is taking 
place and, further, an indication as to whether the complexes formed 
are cationic or anionic. For the purpose of reference, a control is 
run, in which a metal salt solution, which shows little or no 
complexing tendencies, is titrated with phosphoric acid. Such a salt 
would be potassium or sodium chloride, perchlorate, nitrate etc. The 
anion being chosen to be the same as that in the metal salt solution 
whose complexing is to be invstigated.
After measuring the pH values a preliminary plot of pH against 
the mole ratio of acid added to metal present in solution is made - 
Plot A. The hydrogen ion concentrations corresponding to the pH 
values are then calculated using the relationship
pH = -log10[H+]
and a plot made of hydrogen ion concentration [H+], against the
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same ratio of acid to metal - Plot B. The ratio of the change in 
hydrogen ion concentration to the metal concentration 5[H+] / [M], 
is then calculated and a third plot, of this ratio against that of 
acid to metal, made - Plot C.
Plot A.
iH,p°.] 
pH v — 2 — 3 -
[M]
This plot is made to indicate the general nature of the titration 
and also to act as a check on the general accuracy and reliability 
of the titration and the apparatus used* The final pH value will 
approach the pH value of the phosphoric acid used as titrant.
Plot B.
[H,P0 J[h ] v —i_n
[M]
This plot is of more value than Plot A in the elucidation of 
the reactions involved in the complexing mechanism. Generally the 
plot can be divided into two sections, which in the ideal case will 
consist of two straight lines as indicated in the diagram. This 
graph shows that a complexing reaction is taking place to a mole 
ratio of acid to metal of D, and thereafter that the increase in 
hydrogen ion concentration is due only to the addition of quantities 
of phosphoric acid. The part of the curve obtained at higher ratios 
of acid to metal should be parallel to a control titration in which
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no complexing is taking place.
D
M
If the higher part of the curve is not parallel to the control then 
it is an indication that further complexing, of a different nature to 
the initial complexing reaction, is taking place. The complexes thus 
formed could he either new and in addition to those already present 
or developed by reaction and breakdown of the first formed complex. 
Generally the difficulties to be encountered in interpretation of the 
parts of the curve at higher acid to metal ratios involve more 
assumptions and more possibilities than those necessary for the 
interpretation of the curves at lower ratios and the ideas here 
expressed will be confined entirely to those parts of the curve at 
lower acid to metal ratios.
As has been stated above, the control titration using a metal
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salt with no complexing tendencies towards phosphoric acid, should 
give a straight line plot passing through the origin. This plot is 
indicated on the next diagram together with the two possible 
’complexing' plots.
control
[M]
The upper plot B^  indicates that a complex reaction of the type 
involving the liberation of hydrogen ions is taking place
M5+ + H,P0„ * MPO + 3H+
2 4 4
The lower plot B^ could indicate that a complex reaction of a type 
involving the consumption of hydrogen ions is taking place
M2(0H)24+ + H,P04 + H+ * MH2P042+ + M3+ + 2H20
The formation of anionic complexes is not here considered because ion 
exchange experiments, have shown that certain tervalent metals (iron,
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aluminium, chromium, indium and gallium) in solution as chlorides, 
nitrates and sulphates do not form anionic complexes with phosphoric 
acid (78, 85,100,101, 102, 124). Anionic complexes have been shown 
to be present in tervalent metal solutions in which phosphate is the 
only anion.
Only in very few cases will the plot be obtained as a combination 
of two straight lines. At the best the plot obtained as the result 
of experimental measurements will show two lines joined by a curve
In this case it is possible to extrapolate the two straight line 
portions to meet in a point. At worst the plot will be completely 
curved and the identification of straight lines will thus be 
difficult. Cases involving deviation from that of a complete straight
[h?po4]
[M]
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line indicate that the formation of a particular complex is not 
absolutely complete and that the corresponding formation constant 
is low.
Plot C.
S[E+]
[M]
V
[M]
This plot will be similar in nature and general shape to Plot Bt 
but the slope now assumes the dominant role. Prom a consideration 
of the parameters plotted it can be seen that
6[H+ ]
Slope /
[ H3P04 ]
M[M]
S[H+]
£H3P04]
The slope of Plot C is thus a measure of the hydrogen change in 
solution compared with the quantity of acid added. In the following 
diagram several such curves are shown
[M]
[M]
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The three curves shown have slopes as indicated by the subscripts 
and indicate complexing reactions involving the ratio of hydrogen 
ion change to acid of 1:2, 1:1 and 2:1 respectively*
m3+ + 2iyo4 * m h(h2po4)22+ + H+
M5+ + H5P04 ^ M 2P042+ + H+
2M3+ + H,PO. ^ MoHr>P0,4+ + 2H+
3 4 2 2 4
In order to define completely the state of complexing it is 
necessary to combine the value of the slope, having the significance 
outlined above, with corresponding values of 5[H+] / [M] and of 
[H^PC^] / [M] as indicated by the position of the experimental curve.
In this way it is possible to put forward a limited number of possible 
reaction paths involving the experimental values of the three parameters 
obtained. This is illustrated by reference to the next diagram.
21
[M]
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Here the curve (a) - (b) - (c) represents a complexing reaction 
and the curve (a) - (d) represents a non-complexing reaction, The 
first point to note is that (b) - (c) is parallel to (a) - (d), 
indicating that all the complexing takes place along (a) - (b).
The second point is that the values of the three parameters when 
complexing is complete, that is at (b), ares
S[H+] 
[M]
[H5P04] =
[M]
S[H+]
  =  2
t H 3 P 0 4 J
The reaction can therefore be represented by the following equation
M5+ + H-jPO. - MHPO.+ + 2H+
p 4 4
In very few cases, however, do the experimental plots give such 
clearly defined results as indicated above. Invariably the plot 
obtained is curved and measurements from the curves have to be 
confined to initial slope values and the values of hydrogen ion 
change to metal ratio and of acid to metal ratios estimated by 
extrapolation of the curve from the origin.
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The equation that is chosen to represent the complexing reaction, 
apart from having the observed parameter values, must also indicate 
the formation of a possible complex. Further the starting species 
may be considered to be a modified tervalent metal ion, for instance 
by hydroxylation as M(OH)2+ or M(0H)2+ or by hydroxylation and 
dimerisation as
M(OH)2+ + H^P C>4 M(0H)(HP04) + 2H+
Yi/hen all these possibilities have been considered, however, it 
is possible to obtain certain information as to complexing 
mechanisms which will serve as confirmation to, or can, itself, be 
confirmed by other methods of investigation.
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3.5, Results,
5.5.1. pH Titrations of Q.1M Gallium and Indium Chloride Solutions with 
1.5M Phosphoric Acid. Variation in Initial Free Acid Concentration.
Varying quantities of hydrochloric acid were added to solutions 
of gallium and indium chloride solutions in order to ,obtain series of 
solutions having a range of pH values. The highest pH value in these 
series was governed by the solubility of hydrolysis products and the 
lowest pH value governed by the magnitude of the pH change on addition 
of the phosphoric acid* A comparatively large addition of phosphoric 
acid being required to pr^oduce only a relatively small change in pH 
in a solution of high acid content,
The results of these titrations (Tables 3*1* to 3*6. and Graphs
3.1. and 3*2.) indicate that the reaction representing the course of 
the titration differs according to the initial pH value of the solution 
and, thus, that changes in the course of the titration and in the shape 
of the curves can be brought about by a change in the quantity of free 
acid present in the initial solution.
In the case of the indium chloride titration, the addition of 
hydrochloric acid immediately before the titration caused a large 
decrease in the values obtained for 8[H+] / [iu]. The results, 
however, still serve to indicate that the values obtained are 
dependent on the initial free acid concentration,
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Table 5.1.
pH Titration of 0.1M Gallium Chloride Solution with 1.5M Phosphoric Acid
Volume of phosphoric 
acid added
[h3po4]
[Ga]
pH [H+]
6[h+:
[Ga:
0 ml 0 2.47 0.003 0
0.1 0,07 2* 12 0.008 0.05
0.2 0.14 1.88 0.013 0.11
0.4 0.28 1.56 0.028 0.28
0.8 0.53 1.28 0.053 O.56
1,6 1.11 1.06 0.087 0.98
3.2 2.22 0.96 0.118 1.32
6.4 4.43 0.84 0.14 1.88
9.6 6.65 0.78 0.17 2.52
Volume of gallium chloride solution, 25.0 ml.
Molarity of gallium chloride solution, 0.0916M.
Molarity of phosphoric acid. 1.58M.
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Table 3.2.
pH Titration of 0.1M Gallium Chloride Solution with 1.5M Phosphoric Acid
Volume of phosphoric 
acid added
[h a ]
[Ga]
pH [H+]
s[h+:
[Ga.
0 ml 0 2.07 0.009 0
0.1 0.07 1.84 0.014 0.05
0.2 0 e 1 4 1.60 0.025 0.18
0.4 0.28 1.35 0.045 0.40
0,8 0.55 1.15 0.071 0,70
1.6 1.11 0,98 0.11 1.17
3.2 2.22 0.86 0.14 1.61
6.4 4.43 0.78 0.17 2.21
9.6 6,63 0.70 0.20 2.89
Volume of gallium chloride solution, 25.0 ml.
Molarity of gallium chloride solution, O.O916M.
Molarity of phosphoric acid, 1.58M.
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Table 5.5.
pH Titration of 0.1M Gallium Chloride Solution with 1.5M Phosphoric Acid
Volume of phosphoric [H-,P0.] $[H+]
-  5 -4 -  pH [H+ ] ---------
acid added [Ga] [Ga]
0 ml 0 1.18 0.066 0
0.1 0*07 1.08 0.083 0.19
0.2 0,14 1i00 0*100 0.37
0.4 0.28 0.88 0.13 0.71
0.8 0.55 0.78 0.17 1.17
1.6 1.11 0.71 0.20 1.36
5.2 2.22 O.64 0.23 2.02
6,4 4.43 0.58 0.2 6 2,66
9.6 6.65 0.52 0.30 3.54
Volume of gallium chloride solution, 25.0 ml.
Molarity of gallium chloride solution, 0.0916M.
Molarity of phosphoric acid, 1.58M.
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Table 3.4.
pH Titration of 0>1M Indium Chloride Solution with 1.5M Phosphoric Acid
of phosphoric 
jid added
[h3p°4]
[In]
pH [H+3
8[H+]
[In]
0 ml 0 2*52 0.003 0
0*1 0.06 2.36 0.004 0.014
0*2 0.13 2.27 0.005 0.02
0*4 0.25 2.15 0.007 0.04
0.8 0,50 2.02 0.010 0.07
1.6 -A • O o 1.86 0.014 0.12
3*2 2.01 1,71 0.020 0.19
6.4 4.01 1.61 0.025 0.27
9.6 6.01 1.54 0.029 0.36
Volume of indium chloride solution, 25*0 ml*
Molarity of indium chloride solution, 0.1011M
Molarity of phosphoric acid, 1.58M.
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Table 5.5.
pH Titration of 0.1M Indium Chloride Solution with 1.5M Phosphoric Acid
of phsophoric 
jid added
r y o 4 ]
[In]
pH [H+]
8[H+]
[In]
0 ml 0 2.14 0.007 0
0.1 0.06 2.10 0.008 0.007
0.2 0.13 2.05 0.009 0.016
0.4 0.25 1.98 0.011 0.04
0.8 0.50 1.88 0.013 0.05
1.6 1.00 1.76 0.017 0.10
3*2 2.01 1.66 0.022 0.16
6.4 4.01 1.56 0.028 0.26
9*6 6.01 1.52 0.030 0.31
Volume of indium chloride solution, 25.0 ml.
Molarity of indium chloride solution, 0.1011M.
Molarity of phosphoric acid, 1.58M.
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Table 3.6.
pH Titration of 0.1M Indium Chloride Solution with 1.5M Phosphoric Acid
of phosphoric 
3id added
[ y o 4]
[In]
pH [H+]
8[H+]
[In]
0 ml 0 1.85 0.014 0
0.1 0.06 1.84 0.014 0
0.2 0.13 1.82 0.015 0.010
0.4 0.25 1.80 0.016 0*020
0.8 0.50 1.76 0.017 0.03
1.6 1.00 1.68 0.031 0.07
3.2 2.01 1.58 0.026 0.13
6.4 4.01 1.52 0.030 0.20
9.6 6.01 1.48 0.033 0.26
Volume of indium chloride solution, 25*0 ml.
Molarity of indium chloride solution, 0.1011M.
Molarity of phosphoric acid, 1.58M.
Graph
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3.3.2. pH Titrations of 0.1M Gallium and Indium Chloride Solutions with 
1.5M Phosphoric Acid. Variation in Age.
In order to determine whether the ageing effects observed by 
means of the ion exchange studies would become evident in the pH 
titrations, both freshly prepared and aged solutions of gallium and 
indium chloride were titrated with phosphoric acid. The results 
obtained are summarised in Tables 3-7* to 3*^ 1 • and in Graphs 3»3« 
and 3 * 4»
As with the ion exchange results, the pH titrations indicated 
ageing affects, those for gallium being different from those for 
indium. In the case of gallium, the quantity of hydrogen ions 
liberated was found to increase with age, whereas in the case of 
indium the tendency was for the quantity to decrease with age.
It is thus apparent that, before definite conclusions concerning 
the mode of reaction of gallium and indium chlorides and phosphoric 
acid can be drawn from pH titration data, account must be taken of 
both the free acid content and the age of the initial metal salt 
solution.
pH Titration of 0.1M Gallium Chloride Solution with 1.5M Phosphoric Acid
Volume of phosphoric 
acid added
[h,po4]
[Ga]
pH [H+]
s[h+:
[Ga;
0 0 2.05 0.009 0
0.1 0.06 1.64 0.023 0.14
0.2 0.12 1.45 0.035 0.26
0.4 0.25 1.23 0.052 0.43
0.8 0.50 1.12 0.076 0.68
1.6 0.99 1.01 0. 098 0.93
3.2 1.99 0.91 0.12 1.23
6.4 3.97 0.85 0.14 1.61
9.6 6.00 0.81 0.15 1.92
Volume of gallium chloride solution, 25.0 ml. 
Molarity of gallium chloride solution, 0.1018] 
Molarity of phosphoric acid, 1.58M.
Gallium chloride solution freshly prepared.
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Table 5.8,
pH Titration of 0.1M Gallium Chloride Solution with 1.5M Phosphoric Acid
Volume of phosphoric [H,PO.] &[H+]
pH [Ht]
acid added [Ga] [Ga]
0 0 2.07 0.009 0
0.1 0*07 1.84 0.014 0.05
0.2 0.14 1.60 ' 0.025 0.18
0.4 0.28 1-35 0.045 0.40
0.8 0.55 1.15 0.071 0,70
1.6 1.11 0.98 0.11 1.17
3.2 2.22 0.8 6 0.14 1.61
6.4 4.43 0.78 0.17 2.21
9.6 6.63 0.70 0.20 2.89
Volume of gallium chloride solution, 25*0 ml. 
Molarity of gallium chloride solution, 0.0916M. 
Molarity of phosphoric acid, 1.58M,
Gallium chloride solution aged 12 months.
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Table 5»9<
pH Titration of 0.1M Indium Chloride Solution with 1.5M Phosphoric Acid
Volume of indium chloride solution, 25.0 ml. 
Molarity of indium chloride solution, 0.1011M. 
Molarity of phosphoric acid, 1.58M.
Indium chloride solution freshly prepared.
Volume of phosphoric 
acid added
£H5P04]
[In]
pH [H+]
6[h+;
[In
0 ml 0 3.34 0.0005 0
0.1 0.06 1.96 0.011 0.11
0.2 0.15 1.65 0.022 0.22
0.4 0.25 1.47 0.034 0.34
0.8 0.50 1.25 0.056 0.57
1.6 1.00 1.03 0.093 0.98
3.2 2.01 0.90 0.13 1.45
6.4 4.01 0.72 0.19 2.36
9.6 6.01 0.60 0.25 3.42
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Table 5.10.
pH Titration of 0.1M Indium Chloride Solution with 1.5M Phosphoric Acid
Volume of phosphoric [H,P0.]' S[H+]
— pH [H+] ----
acid added [In] [In]
0 ml 0 1.96 0.011 0
0.1 0.06 1.73 0.018 0.07
0.2 0.13 1.62 0.024 0.13
0.4 0.25 1.43 0.037 0.26
0.8 0.50 1.31 0,049 0.39
1.6 1.00 1.15 0.071 0,63
5.2 2.00 1.02 0.096 0.95
6.4 4.00 0.91 0.12 1.37
9.6 5.99 0.86 0.14 1.78
Volume of indium chloride solution, 25.0 ml. 
Molarity of indium chloride solution, 0,1011M. 
Molarity of phosphoric acid, 1.58M.
Indium chloride solution aged 5 months.
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Table 3.11
pH Titration of Q.1M Indium Chloride Solution with 1.5M Phosphoric Acid
Volume of phosphoric [H,PO.] $[H+]
- 2 - 4 -  pH [H+] ----
acid added [In] [In]
0 ml 0 1.44 0.036 0
0.1 0.06 1.40 0.040 0.04
0.2 0,13 1.35 0.045 0.09
0.4 0,25 1.28 0.053 0.17
0.8 0.50 1.19 O.O65 0.30
1.6 1.00 1.09 0.081 0.47
3.2 2.00 0.98 0.11 0.83
6.4 4.00 0.88 0.13 1,17
9.6 5.99 0.83 0.15 1.56
Volume of indium chloride solution, 25.0 ml# 
Molarity of indium chloride solution, 0.1011M. 
Molarity of phosphoric acid, 1.58M,
Indium chloride solution aged 5 months.
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5*3»5» pH Titrations of Q.1M Gallium Chloride and Nitrate Solutions 
with 1,5M Phosphoric Acid. Presence of Added Salts.
The results of pH titrations, in which 0.1M solutions of 
gallium chloride and nitrate w.ere titrated with 1.5M phosphoric acid 
in the presence of added sodium chloride, nitrate or sulphate, are 
summarised in Tables 5*12. to 5*19* and in Graphs 5*5* and 5*6.
In general, the course of the gallium nitrate titrations was 
similar to that followed for the chloride. As in the case of 
aluminium (101) and indium (85) the addition of sodium chloride or 
nitrate (to give a concentration, in the solution to be titrated, of 
0.25M of the salt added) had little effect on the course of the pH 
titration. The addition of sodium sulphate (0.25M), however, to both 
the gallium chloride and nitrate solutions led to a markedly smaller 
release of hydrogen ions throughout the titration.
In all the titrations, the rapid increase in hydrogen ion 
concentration during the course of the titration compared with the
increase obtained in the titration of potassium sulphate (124) does'
indicate that complexing reactions involving the liberation of
hydrogen ions are taking place.
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Table 3*12,
pH Titration of 0.1M Gallium Chloride Solution with 1. 5M Phosphoric Acid
Volume of gallium chloride solution, 25*0 ml*
Molarity of gallium chloride solution, 0.1018]
Molarity of phosphoric acid, 1.58M.
Without added salt.
Volume of phosphoric 
acid added
[ y o 4]
[Ga]
pH [H+]
s[h+:
[Ga;
0 ml 0 2.05 0.009 0
0.1 0.06 1.64 0.025 0.14
0.2 0.12 1*45 0.055 0.26
0.4 0.25 1.28 0.052 0.43
0.7 0.44 1*15 0.071 0.65
1.7 1.06 1.00 0.100 0.96
3.0 1.86 0.92 0.120 1.22
6.0 3.74 0.85 0.141 1.61
10.0 6.20 0.80 0.159 2.05
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Table 5.13<
pH Titration of 0.1M Gallium Chloride Solution with 1.5M Phosphoric Acid
Volume of phosphoric 
acid added
[ W
[Ga]
pH [H+]
5[h+;
[Ga;
0 ml 0 2.04 0.009 0
0.1 0.06 1.67 0.021 0.12
0.2 0.12 1.50 0.052 0.25
0.4 0,25 1.33 0.047 0.56
0.7 0.44 1.22 0.060 0.52
1.7 1.06 1.07 0.081 0.7 6
3.0 1.86 0.99 0.102 1.02
6,0 3.74 0.92 0.120 1.35
10.0 6.20 0.87 0.135 1.73
Volume of gallium chloride solution, 25.0 ml.
Molarity of gallium chloride solution, 0.1018M.
Molarity of phosphoric acid, 1.58M.
Sodium nitrate added.
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Table 5*14.
pH Titration of 0.1M Gallium Chloride Solution with 1.5M Phosphoric Acid
Volume of gallium chloride solution, 25.0 ml.
Molarity of gallium chloride solution, 0.1018M.
Molarity of phosphoric acid, 1.58M,
Sodium chloride added.
Volume of phosphoric 
acid added
[HA 3
[Ga]
pH [H+]
s[h+:
[Ga!
0 ml 0 2.02 0.010 0
0.1 0.0 6 1.63 0.023 0.13
0.2 0.12 1.43 0.033 0.23
0.4 0.25 1.30 0.050 0.40
0.7 0.44 1.18 0,066 0.57
1.7 1.06 1.05 0.089 0.83
3.0 1.86 0.97 0.107 1.07
6.0 3.74 0.90 0.126 1.41
10.0 6.20 0.86 0.138 1.75
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Table 5*15.
pH Titration of 0,1M Gallium Chloride Solution with 1.5M Phosphoric Acid
Molarity of phosphoric acid, 1.58M, 
Sodium sulphate added.
Volume of phosphoric> [ y o 4]
pH [H+]
5[H+:
acid added [Ga] [Ga!
0 ml 0 2,56 0.004 0
0.1 0.06 2.04 0.009 0.05
0.2 0.12 1.87 0.015 0.09
0.4 0.25 1.69 0.020 0.16
0.7 0.44 1*57 0.027 0.25
1.7 1.06 1*39 0.041 0.59
3*0 1.86 1.29 0.051 0.52
6,0 3*74 1.18 0.066 0.7 6
10,0 6.20 1.10 0.079 1.05
Volume of gallium chloride solution, 25.0 ml.
Molarity of gallium chloride solution, 0.1018M.
I
Table 5*16,
pH Titration of 0.11 Gallium Nitrate Solution with 1.5M Phosphoric Acid.
Volume of phosphoric [H ,PO.]
- 2 — 4 -  pH [H+ ]
acid added [Ga]
0 ml 0 2.00 0.010
0.1 0.06 1.64 0.025
0.2 0.15 1.51 0.051
0.4 0.26 1.52 0.048
0.7 0.45 1.20 0.065
1.7 1.08 1.05 0.095
3.0 1.91 0.95 0.112
6.0 5.82 0.87 0.155
10.0 6.57 0.82 0.151
Volume of gallium nitrate solution, 25.0 ml.
Molarity of gallium nitrate solution, 0.0994M.
Molarity of phosphoric acid, 1.58M.
Without added salt.
8[H+ ]
[Ga]
0
0.15
0.21
0.59
0,55
0.89
1.15
1.56
1.99
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Table 5.17#
pH Titration of 0.1M Gallium Nitrate Solution with 1.5M Phosphoric Acid
Volume of phosphoric [HzP0.] $[H+]
 4- pH [H+] ----
acid added [Ga] [Ga]
0 ml 0 2.00 0.010 0
0.1 0.06 1.64 0.023 0.13
0.2 0,13 1.50 0.032 0.22
0,4 0.26 1.30 0.050 0.41
O i l 0.45 1.17 0.068 0,59
1.7 1.08 1.01 0.098 0.94
3.0 1.91 0.92 0.120 1.24
6.0 3.82 0.84 0.145 1.68
10.0 6.37 0.80 0.159 2.09
Volume of gallium nitrate solution,. 25#0 ml.
Molarity of gallium nitrate solution, 0.0994M.
Molarity of phosphoric acid, 1.58M.
Sodium nitrate added.
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pH Titration of 0.1M
Table 3.18.
Gallium Nitrate Solution with 1.5M Phosphori*
Volume of phosphoric [h3p°4]
pH [H+]
8[h+]
acid added [Ga] [Ga]
0 ml 0 2.02 0.010 0
0.1 0*06 1*63 0.023 0.13
0.2 0.13 1.48 0.033 0.23
0.4 0.26 1.30 0.050 0.40
0.7 0.45 1.18 0.066 0.57
1.7 1.08 1.05 0.089 0.83
3.0 1.91 0.97 0.107 1.07
6.0 3.82 0.90 0.126 1.41
10.0 6.37 0.86 0.138 1.75
Volume of gallium nitrate solution,. 25.0 ml.
Molarity of gallium nitrate solution, 0.0994^.
Molarity of phosphoric acid, 1.58M.
Sodium chloride added.
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Table 3*19<
pH Titration of Q,1M Gallium Nitrate Solution with 1.5M Phosphoric Acid
Volume of phosphoric [H,P0.] 8[H+]
- 3 - 4 -  pH [H+] ----
acid added [Ga] [Ga]
0 ml 0 2,38 0.004 0
0.1 0.06 2.04 0.009 0.05
0.2 0.13 1.87 0.013 0.09
0.4 0.26 1.69 0.020 0.16
0.7 0.45 1.57 0.027 0.23
1.7 1.08 1.39 0.041 0.39
3.0 1.91 1.29 0.051 0.52
6.0 3,82 1.18 0.066 0.76
10.0 6.37 1.10 0.079 1.03
Volume of gallium nitrate solution, 25*0 ml.
Molarity of gallium nitrate solution, 0.0994M.
Molarity of phosphoric acid, 1.58M.
Sodium sulphate added.
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5.4. Conclusions.
In all the pH titrations, with hoth indium and gallium salts, the 
results indicate that complexing takes place on the addition of phosphoric 
acid. The straight line plots (Plot B, see p.107) indicate, further, 
that this complexing appears to be complete when the acid to metal 
ratio becomes about one to one*
5.4.1. Variation in Initial Free Acid Concentration.
The addition of quantities of hydrochloric acid, in order to vary 
the initial free acid concentration, to gallium and indium chloride 
solutions changed the course of the titrations for both metals (Graphs
3.1. and 3*2.). As was to be expected, the graphs of pH against acid 
to metal ratio were only modified slightly. Solutions with the most 
free acid having a lower pH value throughout the titration.
The straight line plots constructed for the relation between 
hydrogen ion concentration and acid to metal ratio show that the 
completion of the complexing process did not vary with the free acid 
concentration and that all the complexing took place before the acid to 
metal ratio reached one to one.
Differences in the curves representing the change of hydrogen ion 
concentration indicate the possibility that the reaction path is 
modified by a change in initial free acid concentration. The curves
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resulting from the titration of indium chloride have initial slopes
that decrease with increasing acid concentration. This indicates that
less hydrogen ions are liberated in the complexing reaction for the
same addition of phosphoric acid where more free acid is initially
present. This is readily accounted for by the fact that phosphoric
acid, when added to a more acid solution, will tend to ionise less and
2+to liberate less hydrogen ions and that complexes such as MHgPO^ 
may also be formed. In the case of gallium, however, the reverse effect 
is observed. The rate of change of hydrogen ion concentration 
increases with an increase in the quantity of free acid initially 
present. This would indicate that the complexes present are formed 
from less hydroxylated species with a resultant increase in the 
quantity of hydrogen ions liberated. The change in hydroxylation can 
be represented by a series of equilibria, such as
Ga(0H)2+ * Ga(0H)2+ * Ga5+
which would be disturbed to the right by the addition of free acid.
It can readily be seen that the formation of a certain complex 
3+phosphate from M ions would involve a different change in the
concentration of hydrogen ions from that produced by the formation
2+of the same complex from M(OH) ions. This is illustrated in the 
following equations:
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Ga5+ + H-,PO. - GaHPO,+ + 2H+
5 4 4
Ga(OH)2+ + H^PO^ ^ GaHPO^+ + H+ + HgO
Formation of the complex in the equations given above would satisfy
the particular set of paramaters obtained from the experimental results.
The initial slope in Plot C (representing the change in hydrogen ion
concentration compared with the addition of phosphoric acid,
S[H+] / [H^PO^]) would have values of 2 for formation from 1 !? +  ions
2+and 1 for formation from M(0H) ions.
It is also possible that the stability of chloro complexes of 
gallium and indium is superimposed as an additional complication in 
the attempt to formulate the ionic species present in the solution 
before the addition of the phosphoric acid.
5.4*2, Variation in Age.
The results of the pH titrations, in which fresh and aged solutions 
of gallium and indium chlorides were titrated with phosphoric acid 
(Tables 3»7» to 3*11* and Graphs 3*4* and 3»5*)> show that the course 
of the titration is dependent on the age of the metal chloride solution. 
In both cases the plot of hydrogen ion concentration against the acid 
to metal ratio indicates that complexing is complete at an acid to metal 
ratio of about one to one. The most interesting point about these 
titrations is that the initial slope of the curve produced by plotting
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the change in hydrogen ion concentration ($[H+] / [M]) increases 
with the age of the solution for gallium chloride but decreases for 
indium chloride. Now, the ion exchange experiments, in which 
tervalent metal ions were sorbed by Zeo-Karb 225 cation exchange resin, 
showed that there was no apparent change in the charge to metal ratio 
of the cations present in solutions of gallium and indium chlorides 
during the period of ageing. It therefore seems that the ageing 
effect demonstrated in the pH titrations, whilst apparently due to 
a change occuring in the molecular or ionic formulation of the 
dissolved species, can in no way be associated with a change in the 
ratio of charge to metal*
The ageing affeet, however, could be ascribed to a condensation 
process which need not involve a change in the charge to metal ratio, 
in fact it would be one of the restrictions on the process chosen that 
the ratio of charge to metal remains constant. It is possible that an 
equilibrium, such as may be represented conveniently by
2 M(0H)2+ ^ M2(0H)42+
may exist in these metal chloride solutions and that ageing involves
a movement of the equilibrium in one direction for indium and in the
other for gallium, with a resultant change in the quantities of 
hydrogen ions liberated in the formation of a certain complex. This 
can be represented by the following two equations:
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M(0H)2+ + H^PO^ - M(0H)(HP04) + 2H+
m2(°H)24+ + H^PO^ - M(QH)(HPO ) + M5+ + H+ + H20
Since the parameter $[H+] / [H^PO^] increases with age for gallium
chloride solution it would then he possible that the above condensation
equilibrium was disturbed to the left with the resultant liberation of
2 hydrogen ions per ftiole of phosphoric acid added, and to the right for
o
indium with the liberation of \nly 1 hydrogen ion per mole of phosphoric 
acid,
3*4*3* Presence of Added Salts,
As stated in the details of the experiment (Section 3*3*3*), 
courses of the gallium nitrate and gallium chloride pH titrations 
(Tables 3*12. to 3*19* and Graphs 3*5* and 3*6.) were very similar 
and little change was brought about by the addition of sodium chloride 
or sodium nitrate. The addition of sodium sulphate, however, led to a 
markedly smaller release of hydrogen ions throughout the whole course 
of the titration. This same effect has also been observed for pH 
titrations of aluminium and indium chloride and nitrate solutions with 
phosphoric acid (85,101), and suggest\s that the metal tends to form a 
stronger complex with sulphate than with'chloride or nitrate. It is 
also possible that the sulphato complexes initially present in the 
solution may exert a buffering effect
GaSO.+ + H* ' * GaHS042+
and so reduce the liberation of hydrogen ions through the formation 
of phosphato complexes.
SECTION POUR
PINAL CONCLUSIONS
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4. Final Conclusions,
The results of the pH titrations, in which gallium chloride and
nitrate solutions were titrated with phosphoric acid, have demonstrated
the formation of phosphato complexes in such solutions. The ion exchange
results have shown that cationic complexes are formed in solutions
containing gallium and phosphate together with the anion of a strong 
aw
acid, and that ^feionic complexes are formed in solutions containing 
gallium and phosphate only. In these respects gallium shows similarities 
to indium.
Gallium has been found to be similar to indium in another respect. 
This is that ageing phenomena can be observed in solutions of both 
gallium and indium chlorides. The ageing process has been demonstrated 
by both the ion exchange and pH titration techniques, but, although 
occurring with chloride solutions of both metals, the process is 
essentially different in each case. For gallium, ageing is accompanied 
by an increase in the quantity of phosphate sorbed on a cation exchange 
resin from solutions of the metal chloride containing phosphoric acid, 
whereas for indium there is a corresponding decrease. From these 
results it has been inferred that fresh solutions of gallium chloride 
and aged solutions of indium chloride tend to form polynuclear complexes 
on the addition of phosphoric acid and that aged solutions of gallium 
chloride and fresh solutions of indium chloride tend to form less 
condensed (possibly tending towards mononuclear) cationic complexes.
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These results have been generally confirmed hy the pH titration 
studies, from which it has been suggested that an equilibrium of * 
the type
2 M(0H)2+ % M2(0H)42+
exists in solution and that aged gallium chloride and fresh indium 
chloride solutions contain ions of the type M(0H)g+, which give rise 
to mjSonuclear complexes with phosphoric acid and that fresh gallium 
chloride and aged indium chloride solutions contain ions of the 
type M^OH)^*, which give rise to polynuclear complexes. In all the 
pH titrations, the results have indicated the formation of one to one 
complexes.
The cation exchange sorption experiments with metal chloride 
solutions have shown that constant quantities of metal are sorbed as 
the solution age varies. It therefore follows that no change would be 
expected in the charge to metal ratio of the cations present in such 
solutions during the ageing process. A search of the literature has 
failed to reveal any earlier mention of ageing for any compounds of 
gallium and indium and this is considered to be its first discovery.
The same sorption experiments indicated that in the regions of 
pH just before the precipitation of hydroxide, the pH being increased 
to that value by removal of the anion and not by addition of hydroxide, 
changes, that are different for gallium and indium, take place. The 
gallium sorption increases rapidly and that for indium begins to decrease 
slowly. It thus seems apparent that indium hydrolyses by the formation
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of large molecules or ions that are excluded from the resin whereas 
gallium solutions seem to contain a certain proportion of ions with 
a charge of either +1 or +2. Similar results were obtained in this 
pH range for both chloride and nitrate solutions and so seem to be 
independent of the nature of the anion present.
It was hoped that the metal sorption experiments would be of
assistance in helping to provide a more refined treatment for ion
exchange results on the basis of that proposed by Salmon (84). This,
however, the results were unable to do as is indicated by the wide
variations in the q values obtained in the subsequent experiments
in the presence of phosphoric acid* These wide variations may have
been cause, in part, by the fact that, with the low quantities of metal
sorbed, a small change would result in a correspondingly larger change
in the value of the function p.N - 1, the product p.N being, inm m
all cases, only slightly greater than one.
The pH titration studies indicate that both free acid concentration 
and the previous history of the solution can have a very marked effect 
on the course of the titration with phosphoric acid. It seems reasonable 
to suggest from these results that in order to compare titrations for 
different metals and for different acids, care must be taken to ensure 
that the metal concentration and the initial free acid concentration 
(and therefore the anion concentration) of the solution to be titrated 
and the concentration the complexing acid titrant should all be maintained 
constant.
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In many cases, gallium exhibits properties similar to those of 
indium, but in certain others, from the indications in this work, it 
shows a closer resemblance to aluminium. The studies of the removal 
of gallium from a cation exchanger by phosphoric acid and of the sorption 
by an anion exchanger both result in values that are unexpected if an 
ionic radius of 0,62 A, on Pauling’s scale, is assigned to gallium, 
Pauling has calculated values for the ionic radius of elements that are 
placed next to gallium in the Periodic Tables
II ill IV
HIT 2 +Mg Al5+ Si4+
0.65 0,50 0.41
2+Zn 0a3+ Ge4+
0.74 0.53
Cd2+ In5+ Sn4+
0.97 0.81 0.71
Prom these values it can be seen that if gallium were, in fact, to have 
an ionic radius of 0.55 A, then it.would still conform with the trends 
shown by the values for neighbouring elements.
An attempt was made to account for the behaviour of the tervalent 
metal ions towards ion exchange resins on the basis of ionic radius 
values suggested by Tomkeieff (125)* The main point of difference 
between these values and those of Pauling is in the: position of iron
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relative to the other elements in question (radius reduced from Pauling’s 
value of 0.60 A to O.48 A). Although this reduced value for the radius 
of Ga,^ + (0.58 A) brought the results for this metal into line, it also 
resulted in an unacceptable displacement for those of iron, For this 
reason and because it was considered that Tomkeieff’s empirical basis 
for calculations, since it made no allowance for screening effects of 
of electrons in different shaped orbitals, was unsatisfactory, this 
worker’s scale of ionic radii was rejected.
Whilst, admittedly, the evidence is slender for suggesting a 
revision for the ionic radius of gallium, it is noteworthy that if the 
ionic radius were 0,55 A, then the chemistry of this element would 
be expected to be rather closer to that of aluminium than to that of 
indium. This is in accord with the whole tenor of the experimental . 
data obtained in the present work.
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